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Executive Summary

Through the National Renewable Energy Laboratory (NREL), the United States Department of
Energy (DOE) implemented the Wind Partnership for Advanced Component Technologies
(WindPACT) program. This program will explore advanced technologies that may reduce the
cost of energy (COE) from wind turbines. The initial step in the WindPACT program is a series
of preliminary scaling studies intended to determine the optimum sizes for future turbines, help
define sizing limits for certain critical technologies, and explore the potential for advanced
technologies to contribute to reduced COE as turbine scales increase. This report documents the
results of Technical Area 2—Turbine Rotor and Blade Logistics.

For this report, we investigated the transportation, assembly, and crane logistics and costs
associated with installation of a range of multi-megawatt-scale wind turbines. We focused on
using currently available equipment, assembly techniques, and transportation system capabilities
and limitations to hypothetically transport and install 50-wind turbines at a facility in south-
central South Dakota.

We found that, as turbine scales increase, logistics costs also increase. The application of
transportation and assembly techniques (not currently used by the wind industry) to minimize
costs served only to change the rate of increase and extend the point at which dramatic cost
increases are incurred. The breakpoint we determined, falls between the 2500-kilowatt and 3500-
kW turbines. A decrease in logistics costs to values less than those of the 750-kW turbines may
not, however, be realized as turbine scale increases. The logistics costs associated with a smaller
number of multi-megawatt turbines would likely be higher than those for the 50 turbines assumed
in this study, and would result in breakpoints at lower megawatt turbine sizes because the fixed
costs would be distributed over fewer turbines.

Tower transportation factors have the greatest influence on logistics costs. Alternative tower
configurations may offer the best opportunity to reduce the overall logistical costs. Significant
breakpoints occur at the 2500-kW turbine size and 80-meter hub height. Turbine designers
should be aware of these points and factor in the impacts of exceeding them into the machine
design.
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1. Introduction

Through the National Renewable Energy Laboratory (NREL), the United States Department of
Energy (DOE) has implemented the Wind Partnership for Advanced Component Technologies
(WindPACT) program. This program will explore advanced technologies for reducing the cost of
energy (COE) from wind turbines. The initial step in the WindPACT program is a series of
preliminary scaling studies intended to determine the optimum sizes for future turbines, help
define sizing limits for certain critical technologies and explore the potential for advanced
technologies to contribute to reduced COE as turbine scales increase. We identified four
technical areas for examination in this initial phase; Technical Area 1, Blade Scaling; Technical
Area 2, Turbine Rotor and Blade Logistics; and Technical Area 3, Self-Erecting Towers; and
Technical Area 4, Balance of Station.

Global Energy Concepts, LLC (GEC), was awarded contract number Y AM-0-30203-01 to
examine Technical Areas 1, 2, and 3. This report documents the results of GEC’s Technical Area
2 study, which includes an investigation of the transportation, assembly, and crane logistics and
costs associated with installing multi-megawatt scale wind turbines. We focused on using
currently available equipment, assembly techniques, and transportation system capabilities and
limitations to hypothetically transport and install 50 wind turbines at a facility in south-central
South Dakota.

1.1 Project Organization and Approach

To complete this work, GEC assembled a project team including experts in the areas of
transportation, turbine construction and erection, and crane work. These consultants include
Lampson International Ltd. (Lampson) of Kennewick, Washington; American Transport Systems
(ATS) of Vineland, New Jersey; and M.A. Mortenson (Mortenson) of Minneapolis, Minnesota.
Lampson has provided cranes and other equipment for several wind energy installations,
including the 1.65-MW Vestas wind turbines in Texas. ATS is a nationally recognized company
that handles all aspects of shipping and hauling; they have been involved the transporting wind
turbine components to and from various points in the United States for several different vendors.
Mortenson is a large construction company that has served as general contractor for multiple U.S.
wind projects in the last few years.

GEC used the following general approach to the work:

1. Researched turbine scaling relationships, assembled information for existing megawatt-
scale turbines; and used this information to compute component sizes and weights for use
in evaluating transportation, crane, and assembly requirements.

2. Researched and compiled pertinent information such as (a) size, availability, and costs of
large cranes and other required equipment; (b) weight and size limitations of existing
transportation options including rail links, road trucking, and water transport; (c) costs
and requirements for customized transport and special circumstances allowable through
permitting; and (d) routing restrictions, permit requirements, and costs.

3. Considered historical experience to identify potential problem areas and build on the
lessons already learned in the industry. This included reviewing historic reports related
to the Boeing MOD 2 and MOD 5 turbines.
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4. Solicited information from project partners on logistic approaches used in other industries
and applications for objects that were comparable in scale to the multi-megawatt
WindPACT turbines.

5. Contacted transportation authorities and government agencies to further qualify and
quantify options and identify limitations.

6. Established a set of realistic and viable options for transportation and erection logistics
and developed cost assumptions for each of these options.

7. Conducted parametric cost analysis to demonstrate the impact of turbine scale on the
costs of transportation and turbine erection.

8. [Evaluated the viability of nontraditional options such as field assembly of nacelle
subcomponents or towers.

9. Established the purchase cost for an appropriate crane, crew requirements, mobilization,
and maintenance costs, and evaluated the economics of such a purchase by amortizing
these costs over the facility and others in the region.

1.2 Scope and Hypothetical Facility

We investigated the transportation, assembly, and crane logistics associated with megawatt-scale
wind turbines. Construction of turbine foundations, substation, site roads, the on-site electrical
grid, and other miscellaneous items were not considered in this study but were evaluated by
others in the WindPACT Technical Area 4 (Balance of Station Costs) study.

We assumed that the hypothetical facility was located near Mission, South Dakota, in an area of
rolling hills characterized by a wind power class of 5 to 6 (7.5 to 8.5 meters per second at 50 m).
We also assumed that the 50 turbines were installed on a grid with 2D by 10D spacing (D
corresponding to rotor diameters). The five turbine sizes evaluated in this study were 750, 1500,
2500, 3500, and 5000 kilowatts. The corresponding facility capacities were 37.5, 75, 125, 175,
and 250 MW, respectively. In the following sections, we identify other assumptions as they relate
to specific investigations.

" The WindPACT Technical Area 4-Balance of Station Costs study calculated a grid spacing of 2.3 D by 12 D based on wind resource
and topography data. From a logistics perspective there is no significant difference between these grid dimension and those assumed
in this logistics report.
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2. Multi-megawatt Turbine Scaling

2.1 Scaling Criteria Development

In order to conduct a study into the logistics associated with multi-megawatt turbines, it was
essential that reasonable estimates of turbine component dimensions and masses were derived.
The basic configuration of the multi-megawatt WindPACT turbines draws heavily on the existing
generation of megawatt-scale turbines. We assumed that all WindPACT turbines were three
bladed, upwind, pitch-controlled turbines installed onto tubular steel towers.

We derived the component dimensions and masses for five turbine sizes from the various scaling
assumptions and equations discussed below. We also performed literature searches to identify
applicable documents that contain scaling equations. As part of developing the scaling
relationships, a database of commercial megawatt-scale turbines was prepared to evaluate actual
component masses, rotor and hub height relationships, and rotor and power relationships. We
present a summary of the specifications used for the WindPACT turbines in Table 2-1 and a
summary of the WindPACT tower specifications in Table 2-2. Appendix A contains the turbine
database in conjunction with component analysis.
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Table 2-1.WindPACT Turbine, Rotor, and Nacelle Specifications

Units Turbine Ratings Notes, References, Assumptions
kW 750 1500 2500 3500 5000
Calculated Rating] kW 864 1505 2497 3456 4976|Back calculated from rotor diameter using 0.44 kW/m?®
No. of Turbines| each 50 50 50 50 50
Facility Capacity] MW 37.5 75 125 175 250|Local 115kV line can handle up to 150MW per WAPA survey
Rotor
Diameter (D)] m 50 66 85 100 120|Selected rotor diameter, back calculated turbine power using 0.44 KW/m?
Swept Area m” 1963 3421 5675 7854 11310
No. of Blades| each 3 3 3 3 3|Assumes 3-bladed, upwind rotor configuration.
Hub Height] m 65 86 111 130 156]Used ratio of tower height/rotor diameter of 1.3 per SOW.
Rotor Mass| kg 12635 30819 58061 88727 142783|No. of blades x blade mass + hub mass
Solidity] - 0.05 0.05 0.05 0.05 0.05]Assumed typical for 3-bladed rotors.
Projected Area m? 98 171 284 393 565| Calculated based on assumed solidity.
Hub
Hx Dia.] m 2.25x2.25 3.2x3.8 3.8x4 3.8x4 4.2x4.5
Mass| kg 3816 12516]  22457| 34136 54604|Hub mass for 2.5 MW+ turbines based on Hub Mass Graph. m = 0.24D*°"*
Blade (each)
Lengthl m 24.5 32.3 417 49.0 58.8|Assumes 2.0% of blade length is comprised of the hub.
Maximum Chord] m 2.5 3.3 4.3 5.0 6.0]Value based on 5% of rotor daimeter.
Maximum Diameter| m 1.35 1.78 2.29 2.70 3.23|5.5% of blade length
Mass| kg 2940 6101 11868 18197 29393|EWEA document. Figure 4.5.2 m = 0.1D°%
Nacelle
OverallLxW xH| m 6x3x3] 9x3.5x3.510x4x4| 12x4x4| 15x4.5x4.5
Total Nacelle Mass| kg 31081 60517 111065 164049 254102|EWEA document. Figure 4.6.3 m = 2.60D**
Rated Nacelle Mass| kg/kW 41 40 44 47 51
Empty Nacelle Mass 23311 46173 85839 127575 199170
Gearbox Mass| kg 4662 9078 16660 24607 38115|Estimated as 15% of Nacelle mass
Generator Mass| kg 3108 5267 8567 11867 16817|Estimated at 10% of Nacelle mass
Tower Head Mass
Mass| kg 45428 91747| 174091| 262708 416815|NREL and TVP Turbines Head Mass Graph, m = 2.2692(D* %)
Rated Mass| kg/kW 61 61 70 75 83
Specific Mass| kg/m 23 27 31 33 37
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Table 2-2.WindPACT Tubular Steel Tower Specifications

Units Turbines Notes, References, Assumptions
kW 750 1500 2500 3500 5000
[Tower
Number of Sections| each 3 4 5 6 7
Tower Mass| kg 59,511 136,789 292,035 475,359 821,092 |GEC Tower Mass m = 0.4802D°%°"®
Section 1 (Base)
Length m 21.7 21.5 22.1 21.7 22.3
Base Diameter m 3.7 4.9 6.4 7.5 9.0]GEC Tower Base Diameter (mm) = 74.708D+5.6748
Diameter 2 m 3.1 4.3 5.7 6.9 8.3
Mass] kg 28,642 51,574 90,403 124,764 187,016
Section 2
Length m 21.7 21.5 22.1 21.7 22.3
Diameter 1 m 3.1 4.3 5.7 6.9 8.3
Diameter 2 m 2.5 3.7 5.1 6.2 7.7
Mass] kg 19,199 38,757 72,389 104,022 160,349
Section 3
Length m 21.7 21.5 22.1 21.7 22.3
Diameter 1 m 2.5 3.7 5.1 6.2 7.7
Diameter 2 m 1.9 3.1 4.4 5.6 7.0]GEC Tower Top Diameter (mm) = 37.354D+2.8374
Mass] kg 11,646 27,771 56,377 85,166 135,732
Section 4
Length m 21.5 22.1 21.7 22.3
Diameter 1 m 3.1 4.4 5.6 7.0
Diameter 2 m 2.5 3.8 5.0 6.4|GEC Tower Top Diameter (mm) = 37.354D+2.8374
Mass] kg 18,615 42,366 68,196 113,167
Section 5
Length m 22.1 21.7 22.3
Diameter 1 m 3.8 5.0 6.4
Diameter 2 m 3.2 4.4 5.8| GEC Tower Top Diameter (mm) = 37.354D+2.8374
Mass| kg 30,357 53,111 92,653
Section 6
Length m 21.7 22.3
Diameter 1 m 4.4 5.8
Diameter 2 m 3.7 5.1]GEC Tower Top Diameter (mm) = 37.354D+2.8374
Mass| kg 39,912 74,191
Section 7
Length m 22.3
Diameter 1 m 5.1
Diameter 2 m 4.5|GEC Tower Top Diameter (mm) = 37.354D+2.8374
Mass kg 57,780




When evaluating the results of this study, a good understanding of the turbine specifications,
dimensions, and masses - and how these may differ slightly from existing machines - is required
in order to conduct proper comparisons.

2.1.1 Rotor and Turbine Rating

Because the rotor diameter has the largest single influence on the design and scale of a turbine
and most component scaling equations are a function of the rotor diameter, GEC (working with
NREL) elected to specify the rotor dimensions and calculate all other dimensions based on
published equations or those derived from the turbine database. The rotor diameters selected
were 50 m (164 ft), 66 m (217 ft), 85 m (279 ft), 100 m (328 ft), and 120 m (394 ft). An assumed
ratio between swept area and rated power of 0.44 was used to calculate the rated power for each
turbine. This ratio was derived from the average of the ratio values contained in the turbine
database. Applying this ratio resulted in power ratings for the WindPACT turbines of 864,1505,
2497, 3456, and 4976 kW, respectively. For discussion purposes, we classified these turbines as
750, 1500, 2500, 3500, and 5000 kW.

Because the power to swept area ratio of 0.44 was derived from a megawatt-scale turbine
database, it produced an overrated turbine at the 50-m rotor diameter scale (864 kW). In general,
machines less than a megawatt have had power to swept area ratios between 0.36 and 0.4. Using
the 0.44 relationship, a 47-m. diameter rotor would result in a turbine rating of 763 kW, which is
closer to the “750-kW” turbine; however, the difference in component dimensions and masses
between a 47-m and 50-m. diameter rotor as calculated with the various scaling equations, was
negligible from a logistics perspective. Where costs per kW are presented in this report, the
calculated turbine power (864, 1505, 2497, 3456, and 4976 kW) is utilized.

Hub height was fixed across each turbine by the hub height to rotor diameter ratio of 1.3. Current
design practices use ratios between 1 and 1.3. A relatively high ratio was assumed due to the
intended land-based installation, the developing industry sense that wind shear may be higher
than previously believed, and the desire to examine the upper limits of component scaling. The
1.3 ratio resulted in the 1500-kW turbine (66-m rotor diameter) having a hub height of 86 m
(282.2 ft). Currently, 65-m (213.3 ft) and 80-m (262.5 ft) hub heights are typical for this class of
turbine. Although the 1500-kW WindPACT turbine breaks from common practice in this regard,
it pushes the scaling limits, and use of the 1.3 ratio resulted in identification of breakpoints
associated with the transportation and crane logistics. The latter two issues are discussed further
in Sections 3 and 4, respectively.

A rotor solidity value of 5% of the swept area for the three-bladed rotor was selected to facilitate
calculation of rotor thrust as part of determining the tower dimensions and masses. This
percentage was selected as an average value based on manufacturer information compiled in
Technical Area 1 (Blade Scaling) and Figure 5.2 (from Cost Modeling of Horizontal Axis Wind
Turbines [1]).

2.1.2 Blades

Assuming that the blades are composed of glass-reinforced fiber, the blade mass was estimated
based on the following mass equation [2]:

m=0.1D*% Equation 2.1

In Figure 2-1, we presented a comparison of this equation to the blade-scaling results of GEC’s
WindPACT Technical Area 1 study. Recent commercial blade-mass data indicate that actual
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masses are about 20% less than shown in Equation 2.1; however, this trend does not appear to
vary as the blade length increases. Because we determined blade mass to be insignificant in
comparison to the physical dimensions, using the above blade mass equation (that overestimates
blade mass) does not raise any logistical issues

30 T 4
i A Commercial Blade Data
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Figure 2-1.Comparison of blade mass equations
(see Appendix A, page 10)

We determined blade dimensions (length, chord, and maximum diameter) were as a function of
either rotor diameter or rotor radius (depending on the parameter). The percentage ratios used
were based on typical values determined during the blade analysis conducted by GEC as part of
Technical Area 1 — Blade Scaling Study.

2.1.3 Hubs

We estimated hub masses using relationships developed from a group of existing turbines for
which relatively accurate mass values were known. Blade masses and rotor masses were
analyzed to calculate the remaining hub mass. We assumed that the hub mass values used
included pitch bearings and the pitch mechanism.

The hub generally is not a component that is prominently discussed in manufacturer literature and

its scaling with rotor size does not command much discussion in research literature. The mass-

estimating approach used by GEC (see Appendix A page 8) resulted in a hub-mass scaling
relationship of:

m = 0.24D *** Equation 2.2

We estimated hub dimensions based on their current proportions to blade and nacelle dimensions.
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2.1.4 Nacelle

The nacelle masses we presented in Table 2-1 were estimated based on the following scaling
formula [2]. The resulting mass does not include the rotor mass.

m = 2.6D** Equation 2.3

The corresponding nacelle mass associated with the 2500-kW turbine (85-m rotor diameter)
exceeded the ability to transport the nacelle over the road via high-capacity tractor trailers, which
conflicted with past transport experience with the 2-megawatt Boeing MOD 2 (and more recently,
the Nordex N80/2500 turbines). More detailed analysis of nacelle mass was performed by
compiling manufacturer mass data and plotting it with respect to rotor diameter. A power fit
trend line was applied to the corresponding data point, along with the line added that was
associated with the EWEA equation, resulting in Figure 2-2.
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¢  Actual Nacelle Mass
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80,000 4| en e e

60,000 f -t WS

Mass (kg)

40,000 -

20000 f o gMe®e

120

Rotor Diameter (m)

Figure 2-2.Comparison of nacelle mass equations
(see Appendix A, Page 7)

The recent manufacturer data indicate that nacelle masses are not following the trend Equation
2.3. It appears that the manufacturers have been integrating mass-reducing techniques into their

nacelle designs, resulting in lighter nacelles. The manufacturer data indicate that the nacelle
masses are following an equation closer to:

m=7.3D"" Equation 2.4

Application of the nacelle mass equation based on recent manufacturer data is important for the
2500-kW (85-m rotor diameter) WindPACT turbine because it results in a nacelle mass of

86,000 kg (190,000 1bs), which is virtually the upper limit of high-capacity tractor-trailer
transport capability. Because nacelles at this power rating have been and are being transported by
trailers, we decided to use this value when evaluating logistics. Application of Equation 2.3
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results in a nacelle mass of 111,000 kg (245,000 1bs) for the 2500-kW turbine (85-m rotor
diameter), which is significantly greater than the tractor-trailer capacity limit and would require
the use of steerable dollies (which is not current practice). The use of either nacelle mass
equation for the 3500-kW and 5000-kW turbines does not affect this logistics study because both
yield nacelle mass values that exceed tractor-trailer capacity.

The nacelle contents are assumed to be comparable to those of current generation of turbines.
Nacelle dimensions were estimated using existing turbine designs as the basis. Previously, past
2500-kW and 5000-kW research turbines were evaluated to obtain scaling reference points.

For purposes of evaluating alternative assembly, crane, and transportation scenarios, we
performed estimates of the gearbox and generator masses. GEC used published data on gearbox
and generator scaling relationships [1] to estimate component masses as percentages of the total
nacelle mass. The component masses are shown in Table 2-1.

2.1.5 Tower Head Mass

Tower head mass was estimated based on a compilation of specific tower head masses (kg/m?)
and rotor diameters [7]. Additional turbine data from the Turbine Verification Program and new
data from the current generation of megawatt-sized turbines were added to the original data. We
then converted the data into total tower head mass as a function of rotor diameter, and applied a
power fit trend line to obtain the following formula:

m =2.3D*’ Equation 2.5

We compared the results from this equation with those from published equations to evaluate its
validity. First, we calculated the combined results from Equations 2.1 through 2.3. Another
perspective on tower head mass was derived from a combination of recent manufacturer blade,
hub, and nacelle mass data. The results are presented in Figure 2-3. The recent manufacturer
information yields a lower tower head mass, primarily because the nacelle mass (as calculated by
Equation 2.4) is lower.

Component mass is more critical to this logistics study than combined tower head mass; however,
evaluation of the equations used to estimate head mass is important to confirm the validity of the
values being presented. Tower head mass has been calculated for comparison purposes but does
not enter into the analysis of logistics. Based on this analysis, the tower head mass in Table 2-1
appears to be greater than recent manufacturer data may be indicating. The difference in nacelle
discussed in Section 2.1.4 is the largest contributor to the differences in tower head mass.
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Figure 2-3.Comparison of tower head mass equations
(See Appendix A, Page 4)

2.1.6 Towers

It was assumed that the current design of tapered tubular steel towers would be used for all
WindPACT turbines, resulting in the use of the following assumptions and design criteria.

An International Electrotechnical Commission (IEC) class 2 wind regime was assumed for the
tower design based on the previously stated wind resource information associated with the area of
interest in South Dakota. The analysis generally followed the IEC design approach to calculate
rotor thrust, tower drag, and total overturning moments. Application of material assumptions,
hub height to rotor diameter assumptions, tower wall thickness to diameter assumptions, and use
of load and material factors resulted in calculation of tower diameters and total mass. We
assumed a linear tower taper for simplicity. Finally, we derived total characteristic base moments
exclusive of the load factor to obtain values applicable to the design of the tower foundation in
Technical Area 4 (Balance of Station Costs).

We used a peak-load scenario to design the towers; however, we made certain deviations from
IEC protocol to account for fatigue and dynamics. We also assumed the peak-loading scenario
would occur during a pitch control system failure with the blades in an operating position. [EC
allows the use of the Vel wind speed [44.5 m/s (99.5 mph) for class 2 along with possible
modification of the load factor] under this fault scenario; however, GEC elected to use the Ve50
wind speed value 59.5 m/s (133.1 mph) in addition to the load and material factors. This returns
a conservative design for the peak-load condition. However, if an actual design was performed, it
is likely that fatigue and/or dynamics would determine the tower shape and size. Based on a
preliminary evaluation, we determined that fatigue would likely dictate tower sizes similar to
those resulting from the modified peak load scenario being used.

Logistically, the critical results of this design process were the total tower mass, base diameter,
and tower top diameter. Incorporating this information with hub height and analysis of typical
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tower section lengths being used resulted in an estimate of the number of tower sections per
turbine class and the corresponding diameters. We calculated tower section masses by
determining the steel volume for each section based on the dimensions then multiplying by the
steel density. Non-structural steel mass was excluded from the total mass calculated by GEC.

Figure 2-4 presents a comparison of the GEC-calculated tower mass to recently manufactured
towers for which relatively accurate mass information was known. The manufacturer data
contain a rather high degree of scatter, which indicates different design approaches. In general,
the GEC calculations appear to be underestimating tower mass by about 20%. Because a
modified peak-load approach to calculating the loads on the tower is being used, it is possible that
actual tower designs are being driven by fatigue and dynamics, resulting in higher masses. A
comparison of manufacturer’s tower diameter data to those calculated by GEC’s model is
presented in Table 2-3. This table indicates that the model results are within an acceptable range
of variation that could be expected. The calculation spreadsheet is in Appendix A.
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Figure 2-4.Comparison of tower masses
(see Appendix A, Page 6)
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Table 2-3.Comparison of Manufacturer Tower Data with GEC Calculations

Manufacturer Data GEC Tower Calculations

Turbine Total Tower Diameters Total Tower Diameters
Tower Mass Base Top Tower Mass Base Top

145,000 kg 43m 2.3m 120,000 kg 4.8m 24 m

Vest V66 :

estas 320,000 Ibs | 141ft | 7.5f | 263,000lbs | 15.75f | 7.0ft
50,700 kg 40m 21m 56,000 kg 3.6 m 1.8 m

Vestas | V47 112,000 bs | 134ft | 6.9ft | 123.0001bs | 11.8f | 59ft
59,000 kg 3.7m 2.7m 35,600 kg 3.3m 1.7m

zond | Z780 Tan 000 bs | 121 f | 8.9 ft 78,500 Ibs 1087t | 561t

2.2 Organization of Study

After determining the sizes and masses of the various turbine components we provided, the

specifications to GEC’s transportation, assembly, and crane consultants for analysis,

determination of logistics, and costing. GEC developed three basic scenarios to identify specific

breakpoints in the turbine specifications and costs. The scenarios were also developed to

determine the impact of implementing measures not currently used by the wind energy industry to
alleviate critical logistic issues that arose due to increased turbine scale. The three scenarios are

described as follows:

Scenario 1: This is the baseline scenario in which the current practices associated with
component transportation, turbine assembly, and crane utilization are used for each
WindPACT turbine without modification for increased turbine scale. Specifically,
turbine components are transported and assembled in as few pieces as possible, relying
upon the efficiency of preassembly to the maximum extent possible. This scenario also
represents minimal field assembly and assumed that the rotors are preassembled on the
ground before being placed onto the nacelle.

Scenario 2: Scenario 2 deviates from Scenario 1 in two critical aspects. First, tower
sections that present specific logistical issues due to their dimensions and/or masses are
quartered lengthwise and therefore require on-site assembly. Three on-site assembly
approaches were then developed and analyzed. Second, rotor assembly was assumed to
be performed with the nacelle and hub installed onto the tower.

Scenario 3: Scenario 3 corresponds to Scenario 2 except that the gearbox and generator
are handled as individual components exclusive of the nacelle. This case represents the
maximum on-site assembly requirements and a significant increase in the number of
objects that require handling. For simplicity, the on-site tower assembly approach that
appeared most practical under Scenario 2 was retained as the tower assembly approach
for Scenario 3. Therefore, the impact of multiple nacelle components could be isolated.

Further clarification and assumptions used within each of these scenarios as they relate to
transportation, assembly, and cranes are presented in the following sections.
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Table 2-4.Summary of Logistic Scenarios

Logistic Scenarios Description
Current transport and assembly techniques
Scenario 1 applied to all turbine sizes without
modification.

Field-fabricate quartered tower sections, blades

Scenario 2 assembled to hub in the air.

Same as Scenario 2, plus gearbox and
Scenario 3 generators are handled as individual
components exclusive of the nacelle.




3. Transportation Logistics

3.1 Background

We evaluated logistics for various modes of transportation and included multi-modal options
when required. The transportation modes evaluated were tractor-trailer, rail, steerable-dolly,
barge, and chartered ocean/Great Lakes vessels. Currently, transportation of wind turbine
components within the United States is generally performed with the use of trucks and, to a lesser
extent, rail.

Road Access

The hypothetical project site in south-central South Dakota can only be accessed via local roads
within a 80 to 95 km (50 to 60 mi) radius. U.S. Highway 18 is the primary east/west road in the
area. U.S. Highways 83 and 183 are the primary north/south roads that connect U.S. 18 to
Interstate 90.

Railroad Access

The Burlington Northern-Santa Fe (BNSF) railroad operates a short track line called the Dakota
& Southern Railroad that parallels Interstate 90 from Mitchell, South Dakota, to Kadoka, South
Dakota. BNSF has exclusive operating rights within North and South Dakota and northern
Nebraska. Maps of the Union Pacific Railroad and Burlington Northern Railroad networks are
shown in Figures 3-1 and 3-2, respectively.

3-1



(443

NI0MIIU prO[IRY DB Uoru) [-€ N3

Union Pacific Railroad Service Units

Eastport
Seattle
R Spokane
-
Portland
Hinkle
Eugene K .
v
@

en,

Rosgyille
Oaklan Stockt
San Francis
Fresno
4
Los Angele Sotton
Long Beach Phoenix
@ Tucson
Nogales El Paso

Duluth

N

-

- 1

MiNneapolis/ %, O
St. Paul,

s
wafra®

@ - Memphis

: 0
'»O Oklahgma City A

Amailloy, **+s, Little Rock

3 '5“% TS Ppe Bluff

Olubbock ~**# exarkan

6:1} allas
Livonia
Houston New

@ Orleans

Eagle Pass

Laredo

)) Brownsville

Service Unit
1 - Twin Cities
2 - Chicago
3 - Council Bluffs
4 - St. Louis
5 - Kansas City
6 - N. Little Rock
7 - Wichita
8 - Livonia
9 - Houston
w10 - East Texas
=== 11 - Ft. Worth
12 - San Antonio
== 13 - North Platte
==z 14 - Denver
== 15 - Cheyenne
=z 16 - Tucson
== 17 - Salt Lake City
w18 - Portland
=== 19 - Roseville
w20 - Los Angeles
21 - Utah
= 29 - F| Paso
= 23 - Commuter Operation

EEEREREE

Media Graphics 9/22/98

N\



e 3 ' |
N _ Washington/ *h

Par.:fl ] —_| Montana % )
l ' ‘ S e &
e W \
- 1 .-r"'-?'-\- 1
o h:;_i'iﬂ-a:
Minneso &
0 { &
)
——|Chicago |
P e T

Illlnt:f!is i.

S |
{' .

pringfield/\y Memphis

7 \

o il | Yo
atifgrnia | |
& llb\'\h“x_ |II i

e B S : Elmariuu “r
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Figure 3-3 shows a more detailed view of the Dakota & Southern Railroad area. Potentially
viable debarkation towns are Presho, Murdo, and Kennebec, South Dakota. These towns are
within 80 to 95 km (50 to 60 mi.) of the assumed project site. This area of South Dakota is

significantly closer to rail lines than most favorable wind sites in the upper Midwest. Considering

the remoteness of the hypothetical project site, access to a rail spur relatively close to the site is
beneficial.
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Water Access

Water access is possible by deck barge on the Missouri River up to Sioux City, lowa. Beyond
Sioux City, the Missouri River is not specifically maintained for navigation. A series of six-
flood-control and power-generating dams begin near Yankton, South Dakota, that inhibit
navigation up river. The Omaha District of the U.S. Army Corps of Engineers (USACE) was
contacted to assess the potential for navigation between Sioux City, lowa, and Yankton, South
Dakota. The USACE stated that the Missouri River is free flowing between Yankton and Sioux
City and no that navigation channel is maintained. Therefore, use of barge transport is not
possible beyond Sioux City, lowa.

The normal navigation season on the Missouri River is 8 months; however, there are specific
dates that affect operations. The navigation season at Sioux City, lowa, opens on March 23,
however, access from the mouth near St. Louis, Missouri, is not possible until April 1. The
season at Sioux City, lowa closes on November 22 and on December 1 at the mouth near

St. Louis. Therefore, the effective period in which wind turbine components can be delivered to
Sioux City, Iowa, is between April 1 and November 22.

The next closest navigable waterway to the project site is through the Great Lakes (specifically at
the Port of Duluth, Minnesota). Although primarily a bulk-commodity port, the piers have
handled “project cargo” movements in the past where delivery to larger more popular ports along
the lakes proved unfeasible.

3.2 Transportation Assumptions

We assessed transportation logistics associated with wind turbine components delivered into
South Dakota for three basic travel distances: short haul, long haul, and overseas. Short hauls
encompassed an area with a radius around the project site of approximately 600 to 700 miles and
included areas such as Chicago, Illinois; Green Bay, Wisconsin; and Duluth, Minnesota; Sioux
City, lowa; and Denver, Colorado. Long-haul transportation distances were considered anything
greater than the short-haul radius. Over short-haul distances the use of steerable dollies in
addition to tractor-trailers is feasible, allowing an increase in the weight that can be transported
over the road. Dollies however, are not feasible over long distances or through multiple states.
Long hauls incorporated the use of all possible modes. We also evaluated ocean shipping for
components manufactured in Europe assuming that chartered ships equipped with cargo cranes
would be used to deliver turbine components to the ports of either Houston or Duluth.

Based on experience with oversized and overweight transportation, ATS noted that Nebraska,
Kansas, and to a lesser extent Missouri and lowa, can be difficult states to pass through with
excessive loads. Being situated in the middle of the country results in a tremendous amount of
transportation activity in these states and places a large (and possibly disproportional) burden on
their infrastructure. In addition, because these states tend to be more agricultural as opposed to
industrial areas such as the Great Lakes or Gulf Coast, their transportation regulations have
evolved to be more accommodating to agriculture rather than heavy industry. Although it is not
impossible to transport oversized and overweight loads through these states, it generally requires
more effort and greater planning costs to obtain the necessary permits and approvals. Additional
expenses incurred by traveling around these states are less than what would be spent obtaining
permission to pass through. Recognizing these factors, ATS selected travel routes through Texas,
Oklahoma, Missouri, Iowa, North Dakota, Illinois, and Minnesota.
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Based on their experience, ATS selected the following routes to develop estimated transportation
costs for the listed components. In addition to maximizing the likelihood of permit approval,
these routes were based on understanding the current source areas for existing turbine
components.

Blades

L-M Glasfiber in Grand Forks, North Dakota, and Molded Fiber Glass, Inc. (MFG), in
Gainesville, Texas, were used to estimate short-haul and long haul costs, respectively. Costs for
blade transport from Europe were based on delivery to the ports of Duluth and Houston. Viable
transport modes were chartered ocean ships, trucks, steerable dollies, and barges.

Hubs

Hubs were supplied from Chicago, Illinois for short-haul-estimating purposes and from
Tehachapi, California, for long-haul-estimating purposes. In addition, transport costs from the
ports of Houston and Duluth were generated to estimate costs for European-supplied components.
Viable transport modes include chartered ocean ships, trucks, and rail.

Nacelles

Costs estimates for transport of nacelles used the same points of origin as the hubs. However,
modifications to the routes were required due to the need for steerable dollies and barges. Viable
transport modes include chartered ocean ships, trucks, rail, steerable dollies, and barges.

Towers

Three primary suppliers of tubular steel towers are based in Canutillo, Texas (near El Paso),
Dallas, Texas, and Shreveport, Louisiana; therefore, tower transport costs were calculated from
these areas. Although highly unlikely, tower transport costs from Europe were estimated for
comparison purposes. Viable transport modes include trucks, steerable dollies, barges, and
chartered ocean ships

3.3 Oversized Load Permits

In the United States the transportation regulation system has unique rules, regulations, and
oversized permit requirements for each state. This system requires transporters such as ATS to
research and determine the lowest common denominator with respect to the type of shipment
being planned, its origin, and destination. Demonstrating to permit officials that all possible
means have been assessed or used to either minimize travel distances, or select appropriate by-
pass routes, is critical in obtaining permits. Typically, detailed transportation plans are developed
by the transport company that are based on specific object sizes, weights, origin, destination, and
unique handling requirements. Alternative approaches are evaluated, costs are refined, and
adjustments to comply with unique state requirements are made resulting in the final
transportation plan. To attempt this type of detailed analysis was beyond the scope of the project;
however, these plans can reduce costs or even eliminate the need for obtaining oversized permits.

The number of assumed turbines is a significant factor effecting the viability of certain
transportation techniques discussed in this study. State officials are generally more accepting of
one or a few oversized/overweight transport loads as opposed to 50 or 150 shipments. The long-
term disruption of traffic and inconvenience to local populations would be considered intrusive.
Technically, stresses placed on the infrastructure by one or a few oversized/overweight loads can
be accommodated; however, the cyclical stress of multiple over-dimensioned loads could
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significantly increase the possibility of failure and is another factor making permits for large
numbers of shipments very difficult to obtain.

Based on information from ATS, the 4.9-m (16-ft) loaded height is a point at which transport
companies and permitting authorities become concerned about actual or potential load clearance
with overhead structures and/or utilities. In addition to height, the shape of the load is also a
factor. Rectangular or circular loads have larger profiles as opposed to triangular or vertical
loads. It is easier to negotiate triangular or vertical loads around low-hanging objects (street
lights for example) without npresenting the need for temporary removal of the utility. Based on
ATS’s experience, circular loads do not provide this type of flexibility. It is also possible for
utilities to temporarily interrupt service on overhead utilities but not drop the line(s) to reduce the
potential for injury and equipment damage in the event of an accidental strike.

The 4.9-m (16-ft) overhead utility height constraint is a larger issue in areas with older
infrastructure or in rural areas; as opposed to recently built infrastructure. Careful route selection
can help avoid such areas, however, it’s highly probable that at least one low-utility area will be
encountered during shipment. Excessive height causes considerable increases in the transport
costs because local utilities are required to temporarily disconnect power, drop and protect the
lines, then reinstall the wires in order for the load to pass. Ultilities generally charge considerable
expenses to perform this work to cover their costs including service disruption and planning costs
to “permit fees” thus presenting a considerable deterrent to movement of loads with excessive
height. Excessive height moves can effective, however, when all possible alternatives have been
evaluated and the number of utility assist areas has been minimized. However, movement of
numerous objects (50 to 350 tower sections) in this manner will not be cost effective and will
likely not receive permit approval.

To underscore the difference between states, we compared South Dakota and Nebraska legal
truck weights. In South Dakota, truckloads up to 70,300 kg (155,000 Ibs) using 13 axles are
possible without the issuance of a special permit. However, Nebraska’s limit is 43,000 kg
(95,000 1bs) using 7 axles. Therefore, a legal load in South Dakota requires an overweight
permit in Nebraska.

3.4 Equipment Capacity and Limitations

Overweight permits usually are issued with specific dates during which transport is prohibited.
These dates are state specific but tend to eliminate periods during the spring when frozen ground
is thawing. Over-dimension permits are likely to have travel time limits in congested areas,
limiting movement to non-rush-hour periods.

A breakdown of critical vehicle dimensions by transportation mode is presented in Table 3-1.
The overall dimensions and weights correspond to the combined vehicle and load. Points at
which oversize or overweight permits are required have also been noted. Application of the
overall vehicle limitations to the specific wind turbine objects resulted in Table 3-2. Table 3-2
presents the breakpoint dimensions associated with wind turbine components beyond which
significant increases in transportation costs occur.
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Table 3-1.0verall Dimensions

OVERALL OVERALL OVERALL OVERALL WEIGHT
MODE EQUIPMENT WIDTH HEIGHT LENGTH (GVW)
. 14.6-16.2 m up to 36,300 kg
Standard Trailers | 2.6 m (8.5ft) [ 4.1 m (13.5ft) (48-53 t) (80,000 Ibs)
. . 36,300-70,300 kg
Special Multi-Axle | - 5 g a5ty | 41m135f)| 1+8162m | 85 000-155,000 Ibs)
Drop Trailers (48-53 ft)
(State dependant)
Tractor-
Trailer Special Multi-Axle 38.1-45.7 m up to
Trucks Drop Trailers w/ 26m(8.5ft) | 41m (13.51t) (1é5_15'0 f) 102,100-106,600 kg
OW Permits (225,000-235,000 Ibs)
Special Multi-Axle 6.1-7.6 m 483 m up 1o
Drop Trailers w/ (20-25 ft) (15.8 ft) 38.1-45.7m 102 100-?06 600 k
OW and OD possible (route| triggers utility (125-150 ft) ’ ’ 9
. ; (225,000-235,000 Ibs)
Permits dependant) assistance
Custom-built 4.83m
Steerable system utilizing Route (15.8 ft) Route
Dolly . - Route dependant
s modular wheel dependant triggers utility dependant
ystem ;
systems assistance
. Standard Flat 8 4.0m (13 ft) up to 163,300 kg
Rail Axle Heavy 3.4m(111) from top of rail 27.4m (90 f) (360,000 Ibs)
217,700-272,200 kg
Barge Deck Barge 16.5 m (54 ft) - 76.2m (250 ft)| (480,000-600,000
Ibs)
Ocean Chartered vessel ) ) ) )
Vessel with cargo cranes

OW — Overweight
OD - Over-dimensioned

Table 3-2.Breakpoint Dimensions

OBJECT ol OBJECT WIDTH OBJECT LENGTH OBJECT WEIGHT
45.7-48.8 m (150-160 ft)
Blades 4.4 m (14.5ft) 7.6 m (25 ft) (transport distance and Not Problematic
route dependant)
Hubs
(wlo 3.7 m (12 ft) Not Problematic Not Problematic (;gggggjg(}gg IIE)%)
permits) ’ ’
. . 79,400-83,900 kg
Nacelles 3.7m (12 ft) Not Problematic Not Problematic (175,000-185,000 Ibs)
Towers
17,200-19,100 kg
pe(l"';"l:(i;s) 3.7m (12 ft) - 16.2 m (53 ft) (38.000-42,000 Ibs)
Towers 79,400-83,900 kg

(w/ permits)

4.4 m (145 ft)

Not Problematic

(175,000-185,000 Ibs)
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3.5 Analysis of Scenarios
3.5.1 Scenario 1

Blades

Blades for 750-kW, 1500-kW, and 2500-kW turbines can be moved with relative ease by truck.
Their dimensions and masses are manageable and minimal rerouting would be necessary.
Extendable flatbeds that have been modified to carry blades would be the primary technique
employed. Combining numerous blades (up to six) into single transport containers (particularly
the 750-kW turbine blades), although efficient for ship transport, is illegal in certain states for
road transport. According to states’ jurisdictions these loads are “reducible,” thus requiring the
transporter to remove blades from the container before proceeding. This action indicates a wider
acceptance and greater likelihood of permit approval for multiple over-dimensioned loads that are
within the 36,000-kg (80,000 Ib) gross vehicle weight (GVW) limit than fewer over-dimensioned
and overweight loads. Therefore for cost estimating purposes, it has been assumed that three
750-kW blades, two 1500-kW blades, and one 2500-kW blade would be transported. These
arrangements would stay within the 36,000-kg (80,000-1b) GVW limit, therefore requiring a
permit for width and length exceptions only. For this study, we assumed that three 750-kW
blades (oriented root to tip with the leading edges perpendicular to the ground) would result in a
standard load dimension of 2.6 m (8.5 ft) in width by 4.1 m (13.5 ft) in height. Two 1500-kW
blades (oriented root to tip with the leading edges parallel to the ground) would result in the
oversized load dimensions of 3.3 m (10.8 ft) in width by 3.9 m (12.8 ft) in height. It was assumed
that individual 2500 kW and larger blades would be placed on a transport trailer with their
leading edges parallel to the ground. Transport costs per kW for the 750 kW to 2500 kW blades
ranged from $2.91 to $7.14, depending on turbine size and origin. Transportation costs per mile
ranged from $4.74 to $5.50.

Blades for the 3500-kW turbine can be transported over the road, however they will require a
different approach. Objects with lengths exceeding approximately 45 m (150 ft) require the use
of rear-steering equipment in addition to the prime mover. The blade dimensions and
corresponding transport equipment will likely incur up to 25% additional miles between the
shipping origin and destination due to rerouting. To reduce the overall height, it has been
assumed that the blades are placed with the leading edge parallel to the ground. This orientation
will require adequate support of the blade from the mid-section to the tip where bending will be
the greatest. These factors increased the transport costs to between $5.51 and $11.56 per kW.
The costs per mile for moving the 3500 kW blades were estimated to be $9.50.

The 5000 kW blade and transport equipment will exceed the 36,000 kg (80,000 Ib) GVW
requiring the use of special multi-axle equipment. The total vehicle length of over 200 feet will
likely cause permit difficulties for long haul scenarios since approval from multiple States would
be necessary (increasing the possibility of denial), therefore this blade will only be able to travel
on roads over short haul distances. In instances such as this, state official would rather see efforts
put into mitigating road travel through the use of water travel. By demonstrating all reasonable
efforts are being utilized to minimize land travel, acceptance and permit approval potential
increases. A long haul cost scenario was estimated assuming the 5000 kW blades originated in
Gainesville, Texas and were driven onto a deck barge at the Port of Houston. Given space
limitations on the deck barge only two blades and corresponding trucks (assuming one blade per
truck) could be accommodated on the barge. From the Port of Houston the barge would travel
through the Mississippi and Missouri River Systems to Sioux City, lowa. The blade/truck
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combinations would then be driven north through Iowa and South Dakota to the project site. The
resulting road transport costs of $11.00 per mile reflect the increased complexity of associated
with moving these blades. The associated road transport costs for these blades range from $2.19
to $7.29 per kW. However, the barge component of this scenario contributes $96.56 per kW. A
5000 kW blade manufactured in Texas would need to be transported to the Port of Houston and
driven onto a deck barge. Upon arrival in Sioux City, lowa, the vehicle would be driven off the
barge and delivered to the project site. The total costs for this movement was estimated to be
$100 per kW. Although the use of barges facilitates movement of these large blades over great
distances, their dimensions adversely impact the costs since it is been estimated that only two
blade/truck combinations per barge could be accommodated.

$100
2§25 ($199)
o
8
© 20 -
S $
8 < 315
T3
£ < 510
1Sy
b $5 | ] — ]
; “HENE R R
7]
8 $0 ‘
750 1500 2500 3500 5000
Turbine Rating (kW)
O Gainesyville, TX (Long Haul) @ Grand Forks, ND (Short Haul)

Figure 3-4.Estimated blade transport costs
(See Appendix P, Page 1)

Figure 3-4 presents truck transportation costs associated with blades manufactured in Texas and
North Dakota. As would be expected, the costs from North Dakota are lower, particularly for the
5000 kW turbine. The largest reduction in costs is associated with not incurring barge costs from
Houston, Texas to Sioux City, lowa.

Hubs

Transportation of hubs does not appear to pose difficulty for any of the turbines. As the
dimensions and masses increase they stay within a range that is easily accommodated by truck
and rail transport. The hub transport costs per turbine increase as could be expected with turbine
size, however, a peak in the transport costs per kW occurs at the 1500 kW turbine due a change in
the transport trailer equipment. A trailer change is necessitated by the combined hub mass and
vehicle mass exceeding 36,000 kg (80,000 lbs). This slight transport inefficiency for the

1500 kW turbine has minimal impact to the total transportation costs since hub transport costs are
insignificant in comparison to the other components.
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Figure 3-5.Hub transportation costs from Chicago, Illinois
(See Appendix P, Page 2)

Nacelles

Transport of 750 kW, 1500 kW, and, 2500 kW nacelles can be accommodated by truck and rail
with truck transport being more cost effective primarily because it does not incur a mode transfer
expense. Costs to transport the 750 kW to 2500 kW nacelles via truck were estimated to range
from $2.64 to $7.32 per installed kW. The same costs for rail transport (including offload and
final truck/dolly delivery costs) ranged from $6.07 to $15.44. Truck and rail costs are generally
very comparable provided the rail destination is close to the project site, resulting in minimal
additional road transportation costs.

Steerable dollies and rail can accommodate the 3500 kW nacelle. However, dolly and rail costs
are very different over both short haul and long haul scenarios with rail costs being significantly
lower. Dolly costs for this turbine was about $70 per kW where as the rail costs (that include an
offloading crane and the appropriate transport from the rail spur to the project site) were about
$20 per kW. Based on the proximity of a rail spur within 80 km (50 mi) of the project site, rail
has been determined to be the best option for the 3500 kW nacelle transport.

Rail transport adds an element of risk related to nacelle damage during transit. Sudden
accelerations and decelerations during start-up and braking, train coupling and decoupling, rail
joints, and less sophisticated rail car suspensions can induce sufficient forces and vibrations to
result in damage or misalignment of components. Accelerometers are typically placed on delicate
loads to monitor shipping loads.

A comparison of nacelle transport costs by mode originating from Chicago, Illinois is presented
in Figure 3-6. The cost trends from Tehachapi, California are similar and differ in magnitude
only. Dolly costs for the 2500 kW are presented to demonstrate the increase in shipping costs if
the 2500 kW nacelle exceeds 84,000 kg (185,000 1bs).
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Figure 3-6.Comparison of nacelle transport modes from Chicago, Illinois (short haul)
(See Appendix P, Page 3)

The mass of the 5000 kW nacelle results in steerable dollies being the only short haul option
available. Long haul movement would require the combined use of dollies and barges because
the nacelle exceeds the rail capacity of 163,000 kg (360,000 1bs). Short haul dolly costs for the
5000 kW turbine ranged from $50 to $90 per kW depending upon the distance. For long hauls
the additional barge costs was estimated to be $45 per kW. In general, as the turbine sizes
increased the dolly costs per kW decreased with the highest dolly costs being incurred for the
2,500 kW turbines.

The 163,000 kg (360,000 Ib) limitation for rail transport of the nacelle dictates that the target
turbine transportable by rail would have a 100-m (328-ft) rotor diameter corresponding to the
3500 kW turbine.

Tower

Transport of intact tubular tower sections will rely upon trucks, steerable dollies, and barges. An
unexpected result of the tower dimensions and specifications utilized in this study was that the
base section of the 1500 kW turbine could not be transported cost effectively by truck or dolly.
This is in stark contrast to current practice in which 750 and 1500 kW towers are being moved
over the road in a relatively cost effective manner. The 1500 kW WindPACT turbine tower
stands 86 m (282 ft) high with an estimated base diameter of 4.9 m (16 ft). The current 1500 kW
turbines are on towers up to 80 m (262 ft) high and utilize base diameters of about 4.3 to 4.4 m
(14.1 to 14.3 ft). The base diameter of the WindPACT tower results in a total vehicle height
exceeding 4.83m (15.83 ft) which exceeds the height at which utility assistance is triggered
resulting is extreme costs and planning logistics.

Costs to move the intact base section of the 1500 kW tower with a base diameter of 4.9 m (16 ft)
from the Texas/Louisiana area to South Dakota were based on dolly transport to the Port of
Houston ($125 per kW, see Appendix E, page 4), barge transport to Sioux City, lowa ($44 per
kW, see Appendix G, page 4), then dolly transport to South Dakota ($107 per kW, see Appendix

3-12



E, page 4). A direct land route was not evaluated since obtaining the necessary permits and
organizing all of the utilities along the route would prove to be infeasible and State authorities
would likely state that a “reasonable by-pass” utilizing the Mississippi and Missouri rivers is
present and should be utilized. Using this approach, the costs to transport the 1500 kW base
section alone was estimated to be $276 per kW while the total for the remaining sections was
estimated at $19.50 per kW. The total tower transport costs for the 1500 kW turbine with a base
diameter of 4.9 m (16 ft) was $295 per kW.

If the base diameter of the 1500 kW turbine was 4.4 m or less (eliminating the need for utility
assistance and barge travel), the estimated transport costs for the base section alone was $8.12 per
kW with a resulting total turbine tower shipping cost of $27 per kW. Since existing tower
designs for 1500 kW turbines employ base diameters of about 4.3 to 4.4 m (14.1 to 14.3 ft), the
excessive tower shipping costs associated with a base diameter of 4.9 m (16 ft) are not being
utilized further in this report. Instead, we are assuming that the base diameter of the 1500 kW
turbine is less than 4.4 m (14.3 ft) and can be shipped without the need for utility assistance or
barge transport. Tower designers can keep the base dimensions less than 4.4 m using a variety of
options such as modifying the tower wall thickness to diameter ratio or adjusting the taper ratio.

3.5.2 Scenario 2

Towers

From a transportation perspective, the only impact of Scenario 2 is to mitigate tower
transportation issues and costs. Under this scenario, it has been assumed that oversized tower
sections are quartered lengthwise. This results in tower pieces that are dimensionally compliant
with the height restrictions discussed above and in many cases results in a gross vehicle weight at
or less than 36,000 kg (80,000 Ibs). All transports are within the 79,400 to 83,900 kg (175,000 to
185,000 Ibs) range eliminating the need for high capacity dollies. It was assumed that only one
quartered tower piece would be transported on a trailer to help improve permit approval potential
and eliminate the possibility of a “reducible load” ruling.

This approach had a significant impact on the transportation costs. All of the tower sections and
pieces could be transported for costs ranging from $1.40 to $11.00 per mile. For those loads that
exceeded 36,000 kg (80,000 1b) GVW the costs per mile range from $6.00 to $11.00,
demonstrating that a significant costs savings can be realized by keeping vehicle weight under
36,000 kg (80,000 1bs). Total tower short haul costs per kW ranged from about $16 for the 750
kW turbines to about $51 for the 5000 kW turbines. These same costs per kW under Scenario 1
were about $16 and $692, respectively. Figure 3-7 presents a comparison of the estimated tower
transportation costs by scenario for tower sections originating from Louisiana. The significant
increase in the number of loads required to deliver all of the tower pieces was more than offset by
incurring lower transport costs per mile.

Section 4 of this report discusses the assembly costs in further detail, however, the additional

costs incurred to assemble the tower sections were minor in comparison to the transportation
costs savings.
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Figure 3-7.Scenario 1 and Scenario 2 tower transportation cost comparisons
Costs based on transport from Shreveport, Louisiana (see Appendix P, page 4)

3.5.3 Scenario 3

Nacelle

The third scenario in which the primary nacelle components (gearbox and generator) are removed
and shipped to the site separately only had a beneficial impact on costs associated with
transporting the 5000 kW nacelle. Under Scenario 3, the generators can be shipped on typical
flat bed trailers within the 80,000 GVW limitations to take advantage of low cost per mile rates
(about $1.50). It was estimated that the mass of the gearbox for the 3500 and 5000 kW turbines
would require the use of double-drop type trailers resulting in cost per mile rates of about $11.

Shipping costs for the 2500 kW and 3500 kW nacelles actually increased slightly due to requiring
three shipments per nacelle as opposed to only one. A sufficient mass reduction for the 3500 kW
and 5000 kW ‘empty nacelles’ was not realized to allow the use of tractor-trailers instead of rail
or dollies. Rail costs for the nacelles remained virtually unchanged between Scenario 2 and 3.
The 5000 kW still could not be moved by rail leaving dollies the only transport option for this
nacelle. Under this scenario, truck transport was determined to be the preferred nacelle transport
mode for nacelles up to 2500 kW. The 3500 kW nacelle would likely be transported by rail and
the 5000 kW nacelle would still need to be transported by dolly.

Analysis of the rail transport costs reveals a very slight decrease in the rail costs however when
the truck transport costs for the generator and gearbox components are included, the total costs
increase slightly. Rail shipping rates are based on the object weight and decrease as the object
mass increases. Table 3-3 demonstrates the rail cost reduction with weight increase. Therefore,
more favorable rail economics are realized when the nacelles shipped by rail remain intact.
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Table 3-3.Example Rail Costs from Houston, Texas

Weight (Ibs) $/100 Ibs

Up to 75,000 $3.53
75,000 to 125,000 $3.15
125,000 to 240,000 $2.88
240,000 to 360,000 $2.72

3.6 Emerging Transportation Technology—Airships

Currently, the main use of airships is advertising, however, their attributes combined with new
technology and materials are expanding their commercial potential into transportation logistics.
The concept is straight forward, eliminate (or significantly reduce) the planning and permitting
requirements associated with oversized and overweight loads on land with airship freight that has
higher capacity and lower costs than current cargo aircraft. Large, heavy objects like
conventional generators, oil refinery components, and wind turbines, which must be shipped to
their final destination in pieces by road, rail, and ship, could be transported directly in one piece.
Worldwide, a number of companies are actively developing high capacity airships.

Three general approaches to airship design exist, non-rigid (advertising ships), semi-rigid, and
rigid (classic Zeppelin design). There are 2 approaches to cargo transport by airship emerging,
internal and external payloads. The internal payload approach is aimed at containerized freight
and direct competition with ocean transport. External payloads are targeted at both containerized
freight and the oversized object market. The external payload approach has also been referred to
as a “flying crane” approach.
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The furthest-advanced airship companies are Advanced Technologies Group (ATG) and Cargo
lifter. ATG has developed a flying radio controlled prototype. Their design is a semi-rigid
airship that employs aerodynamic lift in addition to the buoyancy effect of helium. ATG’s
SkyCat has targeted internal payloads of 15 mt, 200 mt, and 1000 mt (33,000 Ibs, 440,000 Ibs,
and 2,200,000 lbs). Cargo lifter also employs a semi-rigid design, however, its external payload
is targeted at 160 mt (350,000 lbs). Cargo lifter has developed a long list of investors and is
currently building a manufacturing facility in Brand, Germany. For comparison purposes, the
largest cargo aircraft, the Ukrainian Antonov AN-225 has a payload capacity of 250 mt

(550,000 bs).

Airship transport costs are being estimated as lower than aircraft cargo but higher than ocean
freight. Since airships do not need to consume fuel to stay aloft, a considerable operating expense
is minimized. In comparison to ocean freight, the higher velocities of airships could result in
quicker transport time. Airship transport costs are targeted in the range of $0.45 to $0.66 per kg.
For comparison, aircraft freight ranges from $1 to $10 per kg and ocean freight is approximately
$ 0.25 per kg (or per cubic meter, which ever is greater). Current design and manufacturing
activity is focused on infrastructure and prototypes. Deployment of the first commercial cargo
airships is anticipated in 2003 to 2005.
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4. Assembly and Crane Logistics

4.1 Assembly Assumptions

For purposes of this study, turbine assembly was assumed to include:

e Offloading turbine components from transport vehicles, uncrating, sorting, and
distribution across the site.
Rigging and setting the tower sections including bolt inspections.

e Grouting base tower section and torque verification.
Assembly of the blades and hub into the rotor inclusive of pitch mechanisms and
alignment.

e Rigging and setting nacelles onto tower tops including alignment, application of proper
bolt torque, and connection of basic electrical equipment.

e Rigging and setting the rotor assembly to the nacelle.
Installation of climbing equipment, setting controllers, and installing power cables from
nacelle to base.

e Crane relocation assistance between turbines.

Construction of the turbine foundations is not included in the turbine assembly estimates.
Foundation costs are presented in WindPACT Technical Area 4 — Balance of Station Costs.
Turbine commissioning activities are also excluded from the assembly estimates.

Assembly crews were based on 10 to 12 people working six days per week. The crew size was
based on typical crew sizes currently being used by construction companies. Considering the
remote project site, it was likely that some activities would be performed on Saturday since the
work crews would not return home for the weekends. It is likely that Saturday work would be
used to help offset less productive weekdays if and when weather impacts the project.

The level of effort required to perform various tasks for the 2500 kW and larger turbines was
based on experiences gained during assembly of the current generation of 750 kW and 1500 kW
turbines. Efforts were based on object sizes, work heights, assembly techniques, and the type of
crane being utilized. The current practice of installing tower base sections with a relatively small
capacity truck or rough terrain crane was utilized for each type of turbine. This technique allows
assembly activity to be performed during inclement weather when high rotor or nacelle work
cannot be performed. It also helps to minimize the time on-site for the high capacity installation
crane.

In addition to estimating the levels of effort required for various activities, the ‘general condition
costs’ were also prepared. These are construction related costs that are incurred for a variety of
items. The primary general condition cost categories include:

Professional services — consulting engineers and inspectors
Construction management personnel

Travel and Relocation expenses

Field office expenses

Temporary construction facilities and tool storage
Mobilization and demobilization transport costs

4-1



Temporary construction utilities
Construction equipment
Worker safety

Final site clean-up

Project start-up and closeout

The principal general conditions expense is for the construction equipment used for a project.
The following equipment was included in development of the construction equipment costs:

2 hydraulic truck cranes (sizes were adjusted for weights of turbine components)
Crawler crane for offloading freight

2 rough terrain forklifts
Surveying/Level equipment
Radios/phone communications

Bolt torque equipment

Site pick-up trucks

Equipment fuel and operating expenses
Equipment repairs

Small tools/Consumables

Crane operator and oiler.

Costs presented in this section were based on estimates prepared by the M.A. Mortenson
construction company and reflect a conservative approach. Lower costs can be realized if site
conditions and weather are ideal, however, practical experience has demonstrated that these
conditions cannot be relied upon.

4.2 Crane Assumptions

The turbine specifications presented in Table 2-1 and Table 2-2 were provided to Lampson for
analysis and selection of the most cost effective crane options. Given the specified hub heights
and component masses, a specific crane was selected for each turbine. Lampson prepared the
drawings shown in Figures 4-1 through 4-5 to help illustrate crane setup requirements, lifting
position, clearances, crane pad space requirements, and scale. Once the crane type, counter-
balance mass, boom length, and jib length (if required) were selected numerous costs were
estimated and have been summarized in Appendix B. Items included in the costs are monthly
rental rates, stand-by rates, crew size, crane transport, crane assembly requirements, crane
relocation rates (between turbines), and consumables.
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The time a crane remains on the project site will govern the crane costs. Based on input from
Mortenson, the calendar time the crane would be on-site was estimated to equal the calendar time
required for assembly of the towers, nacelle and rotors for all the turbines. The other turbine
assembly activities can be conducted with the typical construction equipment without the high
capacity crane. The total man-hours for the tower, rotor, and nacelle assembly tasks were divided
by the total daily man-hours available to arrive at the estimated crane time per turbine. Then,
crane relocation time between turbines was added to the crane’s turbine assembly time to obtain a
total crane operation time per turbine. The result of this approach was consistent with
Mortenson’s experience.

4.3 Analysis of Scenarios

The three basic scenarios discussed in Section 2.2 are analyzed in the following sections.
Scenario 2 (in which the towers are sectioned lengthwise) includes analysis of three possible
approaches for tower field assembly based on utilizing bolting, manual welding, and automated
welding assembly techniques.

The crane costs (associated with turbine assembly) discussed in this section have been prepared
under the assumption that one crane is assembling 50 turbines without being fully disassembled
during relocation between turbines. This is considered optimum crane utilization. Based on
actual experience, site terrain, soil conditions, and road construction significantly impact the
mobility of high capacity cranes. In reality, more frequent crane disassembly and reassembly to
facilitate relocation between turbines occurs during construction of wind farms. The terrain
effects on the optimum crane costs discussed below are analyzed in Section 4.4.

4.3.1 Scenario 1

Figure 4-6 presents a summary of the general assembly and crane costs estimated for Scenario 1.
Considering the turbine components are arriving on-site pre-assembled, this scenario would be
expected to result in the lowest construction costs. The overall combined assembly and crane
costs remain generally stable through the 2500 kW turbine, however, the 3500 kW and 5000 kW
turbines experience increases to the combined cost per kW. As the turbine sizes increase (in
particular as the height increases) the crane costs assume a higher portion of the combined costs.
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Figure 4-6.Scenario 1 assembly and crane costs
(See Appendix P, page 6)

Assembly

Although considerable increases in the level of effort are estimated for assembling the megawatt
scale turbines, with estimated assembly costs per turbine ranging from $13,000 to $70,000, there
is a general decrease in the assembly costs per kW through the 3500 kW turbine. A slight
increase is noted for the 5000 kW turbine. The largest decrease in assembly costs per kW occurs
between the 750 kW and 1500 kW turbines. Experience has indicated that there is not a
significant difference in the level of effort required to assemble a 1500 kW turbine as opposed to
a 750 kW turbine. The largest impact is derived by the height increase and to a lesser extent the
increase in component sizes, however, the increase in rated power exceeds the modest increase in
assembly effort.

Cranes

On a cost per turbine basis, the crane costs increase as the turbine sizes increase, however, a
plateau in the costs per kW was identified at the 1500 kW and 2500 kW turbines even though
different cranes are being utilized. Analysis of the cranes’ lifting capacity for each turbine was
performed to determine the cause. Figures 4-7 through 4-11 demonstrate the relationships
between the mass and height requirements for each turbine component with respect to potential
cranes. These figures demonstrate that the nacelle is the object that ultimately determines the
specified crane. Aside from the 750 kW turbines, the boom elevations required to lift the nacelle
are essentially the maximum elevation possible for the specified cranes. Typically the boom
point elevation is 15 to 20 m (50 to 65 ft) greater that the hub height to allow space for blocks and
rigging, additional clearance of the tower, and clearance between the nacelle and boom (or jib if
being utilized).
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2500 kW Turbine Crane Summary
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Figure 4-10.3500-kW turbine crane summary
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5000 kW Turbine Crane Summary
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Figure 4-11.5000-kW turbine crane summary

The nacelle mass is generally at or within 50% of the total lifting capacity of the specified crane
except the 1500 kW turbine, where the nacelle mass is only 35% of the total lifting capacity. It is
apparent in Figures 4-7 through 4-11 that the crane industry generally has a greater need for
lifting capacity that height. This is in sharp contrast to the wind industries need for height
and.opposed to lifting capacity. The result is that cranes with significant excess capacity are used
to obtain the required installation heights

The 86m hub height for the 1500 kW turbine eliminated the possibility of utilizing a 350-ton
Manitowoc 4600 Series 5 crane with a base monthly rental of $37,500. This resulted in the need
for a 600-ton Lampson LTL-600 crane with a base monthly rental of $90,000. Lampson noted
that it might be possible to modify the Manitowoc 4600 Series 5 crane by adding a stinger
attachment and a customized jib; however, the resulting monthly rental costs would be
approximately $70,000 to $80,000. The hub height and masses of the 1500 kW WindPACT
turbine identified a void in the crane market where a 350-ton crane with a possible boom
elevation of 110 m (360 ft) does not exist. In addition, there is a significant jump in the costs of
cranes between the 350 ton and 600 ton capacity range.

Finally as the crane capacity increases, the number of available cranes decrease. Figure 4-12
demonstrates the sizable decrease in crane quantities as the capacities increase. This information
is based on historic crane data (1997) compiled by the Chicago Bridge and Iron Company and
contained data from 18 crane manufacturers. Although newer crane models produced since 1997
would likely change the absolute values at the different crane capacities, the overall trend of the
data has not unchanged.
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Figure 4-12.Crane capacity trends.
(See Appendix P, Page 7)

Whereas the excess crane capacity for the 1500 kW turbine results in the most inefficient crane
usage, the 750 kW and 2500 kW turbines appears to be the most optimized. If the rotor diameter
and hub height ratios for the 3500 and 5000 kW turbines are assumed to be close to 1 [resulting in
hub heights of 100 m (328 ft) and 120 m (394 ft), respectively], then 850-ton to 1000-ton cranes
could be used resulting in very efficient crane utilization.

4.3.2 Scenario 2

This scenario estimates the impact of assembling quartered tubular tower sections to the project
costs. In comparison to Scenario 1, the combined turbine assembly and crane costs under this
scenario are greater, however the decrease in transportation cost more than offsets the increase.
Three separate tower fabrication approaches were analyzed with bolted connections and
automated welding yielding lower costs than manual welding. The relative difference between
automated welding and bolting was minor with bolted connections achieving the lowest costs.
Additional material costs have been included in the estimates, however, the total impact on tower
material costs was uncertain.

Figure 4-13 presents a comparison of the various assembly costs by tower assembly approach.
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Figure 4-13.Assembly costs by scenario
(see Appendix P, page 8)

Assembly

The turbine assembly process was relatively unchanged from Scenario 1. The only minor
assumption change was that the rotor assembly would occur with the hub attached to the nacelle
on the tower top. In Scenario 1, it was assumed that the rotor would be lifted in one piece to the
maximum extent possible. However, Lampson believed that less time would be lost to wind by
lifting individual components as opposed to an entire rotor. The rotor assembly hours between
Scenario 1 and 2 were increased 10% based on Mortenson’s opinions. The corresponding change
to costs per turbine and costs per kW was negligible in comparison to the increase in assembly
time required for the tower sections.

To assemble the tower sections it was assumed that four concrete pads would be built on which
the fabrication would be performed. The assembly area would be located in one portion of the
project site and assembled tower sections would be transported to the turbine locations.
Assembly of four quartered sections into two half sections would each take place on one pad.
Jigs, templates, and blocking supports would be used to accurately align and secure the sections
before assembly. On a third pad, two half-tower sections would be assembled into one tower
section. The forth pad would be used for final inspection, painting, and staging for transport to
the turbine site. More weather protection would be required for the welding approaches as
opposed to the bolting approach.

The added on-site fabrication activity changed the assembly cost per kW from a decreasing trend
in Scenario 1 to an increasing trend. The only difference in Scenario 2 is the rate of increase. In
general, the bolting approach added approximately $20 to the Scenario 1 assembly costs per kW,
whereas manual welding added $20 to $80 to the Scenario 1 assembly costs per kW. However,
these added costs are much less than the decrease in transportation costs realized through the
shipment of quartered tower sections. Figure 4-14 presents combined turbine assembly and crane
costs associated with use of quartered tower sections. Table 4-1 presents the worst-case scenario
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comparing changes in short haul transportation costs with increased in on-site assembly and crane
costs utilizing manual welding.
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Figure 4-14.Combined assembly and crane costs by scenario
(see Appendix P, page 9)

Table 4-1.Impacts of Sectional Towers on Project Costs (Units:$/kW)

2500 KW 3500 KW 5000 KW NOTES
Scenario 1 Transport Costs ]
(Short Haul) $528 $691 $754 Appendix B,
. Page 2
Scenario 2 Transport Costs $45 $76 $113
Cost Savings: $-482 $-615 $-642
Scenario 1 Assembly and
Crane Costs $34 $38 $46 Appendix P,
Scenario 2 Assembly and Page 9
Crane Costs (Manual Welding) $73 $112 $158
Cost Increase: $39 $74 $112
Net Effect: $-443 $-541 $-530

Considering the excessive transport costs incurred by attempting to move numerous intact tower
sections, a significant amount of on-site assembly could be utilized. The impact that on-site
tower fabrication has in reducing transportation costs is considerable and appears to be the logical
approach to utilization of tubular towers greater than 85 m (279 ft) in height that utilize diameters
greater than 4.4 m (14.4 ft). If tubular towers are to remain the industries preferred tower
approach, then on-site fabrication will be a necessity. Although interior tower dimensions can be
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adjusted slightly, it appears that the utilizing intact tubular tower sections make sense from a
logistic perspective up to hub heights of 80 to 85m (262 to 279 ft).

Cranes

No change to the turbine assembly cranes selected in Scenario 1 was made. One additional crane
was added to the cost estimate to account for fabricating the towers on-site. Since the mass and
lifting height requirements were not significant, readily available and cost effective 200-ton and
350-ton cranes were selected for activity.

4.3.3 Scenario 3

Under this scenario, assembly and crane logistics were further analyzed to determine the impact
of assembling the gearbox and generator into the nacelle while atop the turbine tower. The intent
was to determine if reductions in the masses of the objects being lifted resulted in ability to use a
different crane and if the added assembly costs were greater than any potential crane savings.
Table 4-2 presents the lifting parameters used to evaluated Scenario 3. Gearbox and generator
masses were estimated using criteria presented in reference [1]. Under Scenario 3 the ‘empty’
nacelle mass becomes the critical object for crane selection. Applying the combined 25% nacelle
mass reduction (for the gearbox and generator) to the nacelle points shown in Figures 4-7 through
4-11 (without modifying the required boom point elevation) failed to result in the ‘empty’ nacelle
mass point entering the capacity range of a smaller crane. The conclusion was that removal of the
gearbox and generator did not sufficiently reduce the remaining mass of the nacelle to result in a
crane modification. Analysis of the crane information presented in Section 4.3.1 combined with
the ‘empty’ nacelle masses reveals that reducing the hub height (and corresponding boom point
elevation) is a more effective means of reducing crane costs.

Table 4-2.Nacelles and Components Lifting Parameters

Units Turbine Ratings .
Notes, References, Assumptions
kW 750 1500 2500 3500 5000
Total Nacelle Mass kg | 31,081 |60,517 |111,065|164,049| 254,102 | EWEA document. Figure 4.6.3
m =2.60D2.4
Gearbox Mass| kg 4662 | 9,078 | 16,660 | 24,607 | 38,115 |Estimated as 15% of Nacelle mass
Generator Mass kg 3,108 | 5,267 | 8,567 | 11,867 | 16,817 |Estimated at 10% of Nacelle mass
Empty Nacelle Mass kg 23,311 | 46,173 | 85,839 |127,575| 199,170
. Used ratio of tower height/rotor
Hub Height m 65 86 111 130 156 diameter of 1.3 per SOW.
Point elevations determined by
Boom Point Elevations m 85 | 109 | 133 | 159 | 193 |L@mpson forload, height,
equipment-lifting capacity,
clearances, and safety margin.

Assembly

Disassembly of the nacelle’s major components did not result in a beneficial impact to the nacelle
transportation costs as discussed in Section 3.5.3 and it caused a slight increase to the assembly
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costs. The minor transportation cost savings obtained for the 5000 kW nacelle was offset by the
increase in assembly costs resulting in an insignificant change in costs between Scenario 1 and 3.

Cranes

The only adjustment to crane costs between Scenario 2 and 3 is reflected by the increased crane
time required for installing the gearbox and generator. The crane cost increased an estimated $2
per kW, resulting in a total increase of $4 per kW. Combined crane, assembly, and transportation
costs for the 3500 kW turbine actually increase slightly under Scenario 3 while these costs remain
unchanged for the 5000 kW turbine.

4.4 Terrain Effects on Crane Costs

To evaluate terrain effects on crane costs, the effort, costs and time required for crane assembly
and disassembly included in crane mobilization and demobilization estimates were utilized.
Fully assembled cranes do have the capability to move under optimum conditions without
necessitating partial or full disassembly. However, topography at valuable wind sites with
ridgelines, rolling terrain, or mesas pose significant impediments to crane movements. Turbine
layout also impacts crane movement with grid configurations representing the most conducive
and dispersed turbine clusters representing the most challenging.

To estimate the terrain impacts, crane disassembly and reassembly costs, in addition to those
incurred during mobilization and demobilization, where calculated and added to the original
crane costs. The costs include labor, crane rental, additional support cranes, and transport
vehicles. Optimum crane costs (utilized in Section 4.3) represent the costs of assembling 50
turbines without any additional crane disassembly/reassembly being incurred. As the assumed
number of crane disassemblies increases, the number of turbines installed between crane
disassemblies decreases. The assumption is that as the terrain becomes harsher, the number of
turbines that could be installed between crane disassemblies decreases. Therefore, assembly of
50 turbines per crane disassembly represents optimum crane use for the hypothetical WindPACT
project. Assembly of 2 turbines per crane disassembly represents extremely harsh terrain. Based
on the rolling topography of south central South Dakota, the numbers of turbines assembled per
crane disassembly has been estimated to be 10 to 25 (depending upon the assumed turbine
layout).

Figure 4-15 presents the increases to the optimum crane costs due to terrain effects. Incurring
one crane disassembly (corresponding to 25-turbines/crane disassembly) resulted in a moderate
cost increase of 12%. However, incurring four crane disassemblies (corresponding to 10-
turbines/crane disassembly) resulted in a 50% cost increase. The well-matched crane capacities
for the 750 kW and 2500 kW turbines (discussed at the end of Section 4.3.1) are magnified when
terrain effects are accounted for. This is evident by a lower rate of cost increases for these
turbines. For the cranes associated with the 1500 kW and 2500 kW turbines, there is only a
modest increase in the base monthly rates and level of assembly effort, however the increased
power rating of the 2500 kW turbine improves the cost environment.
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Figure 4-15.Terrain effects on crane costs
(see Appendix P, page 10)

Another area that terrain issues associated with cranes impacts a project is related to schedule.
Figures 4-16 and 4-17 demonstrate increases to turbine assembly rates (days/turbine) and overall
duration of assembly activities (months), respectively. The differences between a 1500 kW and
5000 kW turbines are shown for illustration purposes. Significant increases to project duration
for both turbine sizes caused by terrain issues would likely have an adverse impact to project
financing.
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4.5 Crane Purchase Evaluation

Purchase costs were evaluated to determine if a measurable benefit of crane ownership exists in
comparison to crane rental. Cranes selected for the evaluation were large enough to perform
individual blade, gearbox, and generator removal; however, they lacked capacity to remove the
entire rotor or nacelle. These cranes were assumed to be indicative of the type of ‘service
cranes’ that a large facility would consider owning. Purchase costs for the cranes were compared
to loaded hourly rental rates using the standardized cost of energy equation in EPRI’s Technical
Assessment Guide [12]. The COE equation was set equal to 0 then the crane annual O & M
expenses were solved for based on capital crane costs and the fixed charge rate (assuming that all
other cost components remained unchanged). A fixed charge rate of 10% was assumed. Using
the loaded hourly crane rental rates, annual crane usage was then calculated from the annual crane
O & M expenses. If the annual crane usage rate is low, then crane purchase costs could be
recovered quickly and ownership would be favorable. Table 4-3 presents the calculations and
results.

Table 4-3.Crane Purchase Evaluation

Turbine kw 750 1500 2500 3500 5000

Rotor Dia m 50 66 85 100 120
O & M Crane Type 4100-S1 4600-S4 LTL-600 LTL-600 LTL-1000
Crane Purchase Costs $1,150,000 | $2,250,000 | $3,500,000 | $3,500,000 | $6,500,000
Fixed Charge Rate 0.1 0.1 0.1 0.1 0.1
Capital Costs x F.C. $115,000 $225,000 $350,000 $350,000 $650,000
Loaded Hourly Operation Rate $375 $490 $920 $920 $1,030
Annual Usage hrs 307 459 380 380 631
Annual Usage Months 1.7 2.6 2.2 2.2 3.6
Total Usage for 20 year project hrs 6133 9184 7609 7609 12621
Usage every 3 years: Months 5 8 6 6 11
Usage every 5 years: Months 9 13 11 11 18

See Appendix S

Using the 750 kW turbines as an example, crane purchase would be more favorable than rental
when crane usage exceeds 307 hours (or 1.7 months) for each year of the project. This usage rate
would not be achievable (or desired) at one project with 50 turbines. A reasonable crane usage
estimate would be 1 month or less per year. As the turbine sizes (and service crane sizes)
increased, higher crane usage rates are necessary to make crane ownership cost effective.

If crane usage were distributed across 3 or 4 other projects (assuming similar number and size of
turbines), then it is conceivable that the annual usage rate could be met making crane ownership
more cost effective. However, a large crane purchased for 5000 kW turbines would not be
effective at projects comprised of smaller turbines because the mobilization, assembly, and

relocation time would be excessive in comparison to a rented crane properly sized for the specific
turbines. Another drawback to distributing crane usage across other projects in the region is that
generally small windows of low wind months exist during which O & M work requiring cranes is
performed. It’s likely that scheduling crane work for multiple projects would result in conflicts,
necessitating crane rental at one or more projects, eroding the potential benefit of crane
ownership. Crane ownership may be beneficial for very large projects of smaller turbines (for
example 200 —750 kW turbines) under control of one owner. However, for most projects, crane
rental remains more cost effective.
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5. Summary Analysis

5.1 Logistic Costs by Scenario

The combined analyses of transportation, assembly, and crane logistics costs have been
summarized in Figures 5-1, 5-2, and 5-3 below. We combined mid-range assembly and crane
costs with long-haul transportation costs to generate the total values in the figures. The crane
costs in these figures have not been adjusted for terrain effects; they therefore correspond to
optimum crane utilization. The reduction in transportation costs associated with quartered tower
sections is evident in the cost reduction between Figures 5-1 and 5-2. Figure 5-3 demonstrates
that when field assembly of the gearbox and generator into the nacelle is included (in addition to
quartered tower sections), there is virtually no change in total logistics costs. The latter increase
with increasing turbine size, however, the rate of increase can be reduced the most by utilizing
field fabrication of towers.
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1 - Transportation costs assume tower base diameter is less than 4.4 m (1500 kW)

2 - Transporation costs assume 2500-kW nacelle is less than 84,000 kg.

Figure 5-1.Scenario 1 cost components
(see Appendix P, page 13)
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1 - Transportation costs assume tower base diameter is less than 4.4m (1500 kW only)
2 - Transportation costs assume 2500 kW nacelle is less than 84,000 kg

Figure 5-2.Scenario 2 cost components
750 kW and 1500 kW costs are same as Scenario 1 (see Appendix P, page 13)
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1 - Transportation costs assume tower base diameter is less than 4.4m (1500 kW).
2 - Transportation costs assume 2500 kW nacelle is less than 84,000 kg.

Figure 5-3.Scenario 3 cost components
750 kW and 1500 kW costs are same as Scenario 1 (see Appendix P, page 14)

5.2 Logistic Costs for South Dakota Site

To provide representative costs we performed a detailed analysis of logistic costs for Scenario 2
(Figure 5-2) with respect to the hypothesized South Dakota project site. We assumed that
quartered tower sections would be used for 2500 kW and greater turbines, and that the turbine
components would be shipped to South Dakota (assuming short-haul distances). Crane costs
were adjusted for terrain by assuming that 10 turbines could be assembled before complete crane
disassembly would be required, based on the rolling topography of south-central South Dakota
and the assumption that dispersed turbine arrays would be used. Both of these factors would
increase the potential for more frequent crane disassembly during crane relocation.
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Figure 5-4 presents the representative logistics costs for 50 multi-megawatt turbines in South
Dakota. Transportation costs are lower than those presented in Figure 5-2 because short-haul
distances are being used. Crane costs are greater than those in Figure 5-2 due to adjustments for
terrain. Figures 5-5 and 5-6 present scaling relationships of the logistic costs in Figure 5-4.
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1. Assembly based on field fabrication of towers with bolted connections.
2.Crane costs based on 10 turbines assembled for each crane tear-down plus one crane for tower fabrication.
3. Transportation based on long haul estimates with quartered tower sections except 5 M W blades (short haul by truck).

Figure 5-4.Logistic costs for multi-megawatt turbines in South Dakota
(see Appendix P, page 15)
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Figure 5-6.Scaling relationships by turbine rating
(see Appendix P, page 15)

5-4




5.3 Road-Width Analysis

On-site road widths and corresponding construction costs are determined to a large extent by the
turbine transportation and assembly equipment associated with project logistics. Development of
site road construction costs is a component of WindPACT Technical Area 4 — Balance of Station
Costs; however, the road widths for equipment presented in this report have been summarized in
Table 5-1. As indicated in this table, the road widths associated with larger cranes are significant
and would be extremely expensive to construct in complex terrain.

Table 5-1.0n-site Road Widths Based on Logistics Equipment

Turbine Nacelle Blades Tower Sections Crane
(kW) (m) (ft) (m) (ft) (m) (ft) (m) (ft)
750 4.6 15 4.6 15 46 15 46 15
1500 4.6 15 4.6 15 46 15 9.1 30
2500 4.6 15 4.6 15 46 15 9.1 30
3500 6.1 20 6.1 20 46-6.1 15-20 9.8 32
5000 6.1 20 7.5 25 46-6.1 15-20 12.2 40

5.4 Conclusions

The following conclusions can be made based on the combined analysis of transportation,
assembly, and crane logistics:

Transportation
1. Of the three, transportation limitations and associated costs have the largest impact on

total logistics costs. Different approaches used to reduce transportation costs by bringing
the transported objects into common dimensional or reasonable constraints prove to be
very cost effective, even when increased numbers of shipments are necessary. The U.S.
transportation system is dominated by tractor-trailer transport, which results in a very
competitive and efficient system. To obtain the most cost-effective transportation,
movement of wind turbine components should utilize loads that remain within the
standard trailer dimensions of 4.1 m (13.5 ft) high by 2.6 m (8.5 ft) wide and up to 80,000
GVW corresponding to a cargo weight of about 19,000 kg (42,000 Ibs). Where this is not
possible, the next most critical dimensions are height followed by weight. Loaded
heights that exceed 4.83 m (15.83 ft) will trigger the need for extremely expensive utility
and police assistance associated with temporary overhead utility disconnection and
reconnection. These costs are extremely load and route dependant and are generally only
acceptable for one-of-a-kind moves (when all alternatives have been exhausted).
Attempting to move numerous objects that require this form of assistance will most likely
not be allowed by local jurisdictions due to disruption to the community. This form of
disruption can also have a detrimental impact to the perceived value of wind energy.
Tractor-trailer transportation with object weights up to 84,000 kg (185,000 Ibs) but within
the height constraint is the next most cost-effective method, although it is generally ten
times the costs of standard tractor-trailer movement. These loads will necessitate
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oversized and overweight permits and come under tight scrutiny by enforcement officials.
Above this weight range, dolly and rail transport become the preferred modes. Rail is
best applied to dimensionally compliant and massive objects such as nacelles.

Alleviation of transportation issues associated with the towers results in the largest
adjustment to the total logistics costs. The critical diameter dimension for transport of
intact tubular tower sections is 4.4 m (14.5 ft) because diameters larger than this result in
a total vehicle height exceeding 4.83 m (15.83 ft). The tower design used in this study
for the 1500-kW turbine with an 86 m (282 ft) hub height resulted in a base diameter of
4.9 m (16 ft). The unexpected result of not being able to transport this base tower section
by truck helped isolate the dimension issues associated with the towers. The
transportation of intact tower sections as assumed in Scenario 1 obviously cannot
continue for the tubular tower design without modification of the design approach. It is
likely that tower designers will be able to achieve hub heights greater that 80 m (262 ft)
on tubular towers with diameters fixed at the transportation limitation; however, it will
result in less efficient material usage, increased tower costs, and increased weight. The
transportation costs savings may allow these inefficiencies, but only to a point.

The application of quartered tower sections demonstrated that extensive on-site assembly
could be performed cost effectively because significant transportation cost savings are
being attained. Tower design approaches that rely on increased field assembly appear to
be the most effective technique for achieving hub heights in the range of 100 m with 85
m diameter rotors (comparable to 2500-kW turbines). However, once designers begin to
investigate field-fabricated towers, other tower configurations may prove to be more cost
effective than quartered tubular towers such as truss tower, guyed towers, combined tri-
pod and tubular towers, and cast concrete. In addition, independent pitch control systems
for each blade could help mitigate thrust loads imparted to the tower under various design
loading scenarios.

Nacelle designs should recognize that 84,000 kg (185,000 Ibs) is a breakpoint and
maintain an overall vehicle height below 4.83 m (15.83 ft) in order to maximize the range
of cost-effective truck transportation. Based on the nacelle mass scaling Equation 2.4,
the above mass limit corresponds to a rotor diameter of 84 m (275 ft). For nacelles with
total masses that exceed this limit, removal of the gearbox and generator for separate
shipment is cost effective until the remaining nacelle mass is at this tractor-trailer
transportation limit.

For nacelles that can be fabricated within the dimensional limits of the railroad 4.2 m
14 ft wide and 3.7 m 12 ft above top of rail, rail’s additional transport capacity up to
163,300 kg (360,000 1bs) could be used for turbines with 115-m (377-ft) diameter rotors.

The large physical dimensions of turbine components, coupled with relatively light
masses, results in expensive water-based transportation costs. This mode of transport
does not offer many advantages for wind turbine components other than the ability to by-
pass certain states through which passage by land is not allowed.

Proximity of manufacturing to potential wind sites is most important for the 5000-kW

turbines in order to minimize costly dolly transport distances and eliminate the use of
waterway transport.
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Assembly and Cranes

The turbine assembly and crane costs were small relative to the transportation costs for each of
the three development scenarios. However, within these areas we identified the following
valuable information.

Assembly

1.

Cranes

Although total assembly costs per turbine increase as the turbine sizes increase, the
assembly costs per installed kW didn’t experience dramatic changes, as indicated by the
constant assembly values shown in Figure 5-1. The increased assembly effort associated
with larger turbines does not appear to increase faster than the power rating of the
turbines.

When field fabrication of the towers is used to reduce transportation costs, relatively
modest ($20 to $30) increases in cost per kW are incurred. Of the possible on-site tower
fabrication approaches, use of bolted joints with overlap steel panels was demonstrated
to be more cost effective than manual or automated welding. The costs for field
fabrication of towers with this approach did not experience a continued increase as the
turbine sizes increased. Whereas welding costs depend on the wall thickness of the
towers, this dimension does not adversely affect bolted connections. Both approaches
are equally affected (adversely) by increased length of tower sections and increased
number of sections requiring field fabrication.

Crane costs were shown to increase as turbine size increased. However, the dimensions
and masses of the 750-kW and 2500-kW turbines resulted in the most efficient use of the
selected crane capacities. Cranes are very efficient when used to assemble numerous
turbines (50 in this example) in benign terrain where grid layouts are possible. However,
sharp increases in crane costs occur when multiple crane disassembly/reassembly is
required to relocate the crane between turbines. Actual crane disassembly frequency is a
function of the site characteristics and project layout. Assembly of a few 3500-kW or
5000-kW turbines on high ridges in harsh terrain will result in excessive crane costs.

The best approach to decrease crane costs is to decrease lifting-height requirements.
Unfortunately, this conflicts with the wind industry’s need for increased heights to
increase annual energy production.

Although crane mobilization, assembly, and demobilization costs are considerable, use of

cranes is cost effective for turbine assembly, even when excess lifting capacity is being
incurred to attain the required heights.
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Appendix A
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summary of muli MW wind turbine properties

tower total tower specific
manufacturer model no of blades hub type | up/downwind rotor diameter | max power  hub height max rpm  tip speed power/swept area  power control drive type blade mass hub mass | rotor mass | nacelle mass head mass  rated mass  tower mass sweptarea headmass nacelle mass
m MwW m m/s KW/m* kg kg kg kg kg kg/kw kg mh2 kg/m”2 kg/kw
Experimental Turbines
Boeing Mod-2 2 teeter up 91.4 25 61 17 81 0.38 ailerons var spd 89811 79378 169200 115700 6561
Boeng Mod 5B 2 teeter up 97.5 32 61 17 87 0.43 ptch tip 141975 114760 256800 80 159600 7466 34 36
Ham Std WTS-4 2 teeter up
GE Mod-5A 2 122 73 16.8 107 0.62 11690
Aerodyn multibrid 3 rigid up 100 5 16.2 85 0.64 stall hybrid 11000 12000 45000 110000 155000 31 7854 20 22
Existing/Past Turbines
Nordex N80/2500 3 rigid up 80 25 80 0.50 48300 82700 131000 52 179300 5027 26 33
Nordex N 54/1000 3 rigid 54 1 70 22 62 0.44 19000 46000 65000 65 107000 2290 28 46
Nordex N60/1300 3 60 1.3 69 0.46 18900 49200 68100 52 104000 2827 24 38
Tacke 3 rigid up 70.5 1.5 0.38 3904
Tacke TW15 3 rigid up 65 15 80 20 68 0.45 pitch var spd (1.4:1) 3318
Bonus 3 rigid up 62 2 0.66 3019
Dewind 3 rigid up 62 1 0.33 3019
HsSwW 1000/57 3 57 1.05 70 23 68 0.41 pitch 2-speed 2552
Windtec 3 rigid up 67 1.5 0.43 3526
Kvaerner WTS 80 2 80.5 3 80 21 88 0.59 pitch var spd (1.5:1) 5090
Vestas V63 3 rigid up 63 1.5 60 21 69 0.48 pitch 2 speed w/ 10% slip 3117 0
Bonus 1 MW/54 3 rigid up 54 1 60 22 62 0.44 active stall 2 speed 63000 63 2290 28
Enercon E-66 3 rigid up 66 1.5 100 20 70 0.44 pitch var spd (2.5:1) 99500 66 3421 29
Micon M2300 3 rigid up 54 1 59 21 59 0.44 stall 2 speed 57000 57 2290 25
Micon NM900/52 3 rigid up 52 0.9 0.42 2720 11800 19960 21800 41760 46 2124 20 24
Nedwind NW 53/2/1000-240 2 rigid? up 52.6 1 70 25 68 0.46 active stall 2 speed 65000 65 2173 30
Nedwind NW 55/2/1000-240 2 rigid? up 55 1 70 25 71 0.42 active stall 2 speed 2376 0
Nordank NTK 1500/60 3 rigid up 60 1.5 68 19 60 0.53 stall constant 98000 65 2827 35
Autoflug A1200 2 ? up 61 1.2 60 21 66 0.41 pitch 2 speed 85000 71 2922 29
Zond Z80 3 rigid up 80 1.8 85 20 84 0.36 pitch var spd 5027 0
Zond TZ-1.5 3 rigid up 70.5 1.5 80 0.38 pitch var spd 5600 15500 32300 51000 83300 56 109000 3904 21 34
Zond Z-750 3 50 0.75 50 0.38 var spd 3780 4989 16329 23660 39989 53 58740 1963 20 32
Nordic 1000 2 53 1 58 25 69 0.45 stall 2 speed 2206 0 0
TVP Turbines
Vestas - BS V66 3 rigid up 66 1.65 80 19 66 0.48 pitch 2 speed w/ 10% slip 3850 10250 21800 56000 78000 47 145000 3421 23 34
Vestas -BS Va7 3 rigid up 47 0.66 65 28.5 70 0.38 pitch constant w/ 10% slip 1450 2850 7200 20400 27600 42 50700 1735 16 31
Zond - CSW Z-40 A 3 rigid up 40 0.5 40 0.40 constant 1815 3450 8895 16874 25769 52 1257 21 34
Zond - GMP Z-40 FS 3 rigid up 40 0.55 65 0.44 constant 1610 4392 9222 19050 28272 51 1257 22 35
Zond - lowa Z-50 3 rigid up 50 0.75 50 19-32.2 0.38 var spd 3540 12250 22220 34470 46 1963 18 30
AOC - KEA AOC 15/50 3 rigid down 15 0.066 26.5 0.37 stall/tip constant 500 1920 2420 37 177 14 29
Zond - NE Z-50 3 rigid up 50 0.75 65 0.38 var spd 3540 12250 22220 34470 46 1963 18 30
Tacke - WS TW 600-3-CWM 3 rigid up 46 0.6 60 0.36 var spd 1900 3400 9100 29600 38700 65 1662 23 49
AVG 0.44

Turbine Database




Data combined from Wind Energy Vol1 No. 2, Dec 1998 and TVP Turbine data from Page A-1.

Rotor Diam (m) Tower Top Mass kg/m2
33 15.8
61 291
18 11.8
27 17.5
78 42
91 27
97 35
40 23.1
66 291
57 30.5
25 23.5
65 223
29 19.7
44 16.9

52.6 29.9
29 9
24 10
27 9.9
54 275
15 14.5
31 19.2
43 241
54 249

29.6 19
43 245
54 30.5
60 34.6
31 23.6
43 22.7
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15 13.7
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47 15.9
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Data From Page A-2 Converted to Tower Head Mass

Rotor Diam (m)

NREL and TVP Head Mass Graph

Tower Top Mass/swept area (kg/m?)

15.8
29.1
1.8
17.5
42.0
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35.0
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13514
85044
3003
10020
200691
175605
258643
29028
99557
77829
11536
73998
13012
25697
64973
5945
4524
5668
62981
2562
14492
34998
57027
13075
35579
69852
97829
17813
32965
75293
11094
2420
28272
38700
27600
34470
78000
83300
131000
41760

Tower Head (kg)

300000

250000

200000

150000

100000

50000

20

40

TVP and NREL Turbine Data

60
Rotor Diameter (m)

80

100

120




EC Equations Source: European Commission Directorate - General for Energy, Wind Energy - The Facts, Volume 1 - Technology (Appendix), EWEA Web Site, 1998

Figure 2-3

EWEA - The Facts NREL and TVP Head Mass Manufacturer Based Data
Nacelle Mass 3 x Blade Mass | Manufactuer Total Head Equation 3 x Blade Scaling | Manufactuer | Manufactuer Total Head Mass
Rotor Dia (m) | Equation Fig 4.6.3 | Equation (Fig Hub Mass Mass Study Mass Hub Mass Nacelle Mass
4.5.2) Equation Equation
kg kg kg kg kg kg kg kg kg
50 31081 8819 5723 45623 45424 6150 5723 28179 40052
66 60517 18303 11702 90522 91739 13639 11702 50622 75963
85 111065 35604 22457 169126 174075 28184 22457 86333 136974
100 164049 54591 34136 252776 262685 44926 34136 121648 200709
120 254102 88180 54604 396885 416779 75800 54604 178721 309125
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Tower design prepared by D Malcolm, May 2000
design of free-standing tower prepared by D Malcolm, May 2000 .
Revised on July 27, 2000 by K. Smith/D Malcolm properties of towers
600,000 T T 12000
| |
| |
Assumptions: 1. IEC class 2 wind regime. Ve50 wind on tower, Ve50 wind on non-pitched blades. : : 3.00
2. Linear taper between top and base. y =0.48x™
3. Peak load governs, tower dia / thickness for CSA S16.1 class 3 (non compact) 500,000 -~ - - - - O totalmass | ________________/ _______| L 10000
4. Assumed control for pitchable blades has failed in operational position. & base diameter
5. Fatigue and.dynamics are not included, however, as a compromise the Ve50 wind — Linear (base diameter) >
speed is used inplace of the Ve1 value.
6. Total characteristic base mt has been calculated to be provided as an input to the — Power (total mass)
foundation design. It is assumed that the foundation design will apply a load factor to 400,000 - + 8000
this value, therefore the tower load factor has been removed.
7. Although |IEC allows modification to the load factor under fault assumptions, no
modification has been used to allow compensation for fatigue and dynamics. E
£ 300,000 - 16000 .
@ 2
7] Q
input g %
Ve50 wind speed = 59.5 m/s = °
Ve1 wind speed = 59.5 m/s ° ) 1 2
upper twr dia fraction 0.5 * base diameter 200,000 4000 g
max dia/thickness= 66000 /Fy
material yield=Fy= 300 Mpa
220
material density= 7850 kg/m”*3 i 1
twr ht / rotor diam = 1.3 100,000 I 2000
flapwise Cd = 18 4 ‘
rotor solidity = 0.05 :
air density = 1.225 kg/m”3 |
load factor = 1.35 0 L3 ! 1 : : 0
material factor = 1.1
20 40 60 80 100 120
rotor diameter, m
initial design final design
design diam/ req'd design total total req'd
rotor tower |design rotor| base mt design | thickness section |req'd base| dragon | des base design characteristics section [req'd base |thickness| sect area |diameter at| thickness | sect area total
diam height thrust, Ve1 | from thrust| stress ratio modulus di ti tower mt base mt base mt modulus | di t at base at base top at top at top mass
m m kN kN m Mpa mmA*3 mm kN kN m kN m kN m mmA*3 mm mm mmA*2 mm mm kg
20 26.0 82.8 2152 272.7 220.0] 7.89E+06 1293 103.4 1194 3346 2479| 1.23E+07 1498 6.81| 3.20E+04 749 3.40| 8.01E+03 3816
30 39.0 186.2 7263 272.7 220.0] 2.66E+07 1939 232.5 4029 11292 8365| 4.14E+07 2246 10.21| 7.20E+04 1123 5.10| 1.80E+04 12866
40 52.0 331.1 17216 272.7 220.0] 6.31E+07 2585 413.1 9548 26764 19825| 9.81E+07 2994 13.61| 1.28E+05 1497 6.80| 3.20E+04 30479
50 65.0 517.3 33625 272.7 220.0] 1.23E+08 3230 645.4 18644 52269 38718| 1.92E+08 3741 17.01] 2.00E+05 1871 8.50| 5.00E+04 59499
60 78.0 744.9 58104 272.7 220.0] 2.13E+08 3876 929.2 32212 90315 66900| 3.31E+08 4489 20.40| 2.88E+05 2244 10.20| 7.19E+04 102772
66 85.8 9014 77336 272.7 220.0] 2.84E+08 4263 1124.2 42870 120206 89041| 4.41E+08 4937 22.44| 3.48E+05 2469 11.22| 8.70E+04 136760
70 91.0 1013.9 92266 272.7 220.0] 3.38E+08 4521 1264.5 51143 143410 106229| 5.26E+08 5236 23.80| 3.92E+05 2618 11.90| 9.79E+04 163141
80 104.0 1324.3 137727 272.7 220.0] 5.05E+08 5166 1651.4 76332 214059 158562| 7.85E+08 5983 27.20| 5.11E+05 2992 13.60| 1.28E+05| 243450
85 110.5 1495.0 165199 272.7 220.0] 6.06E+08 5489 1864.2 91551 256750 190185| 9.41E+08 6357 28.89| 5.77E+05 3178 14.45| 1.44E+05| 291970
90 117.0 1676.1 196100 272.7 220.0] 7.19E+08 5811 2089.8 108670 304770 225756( 1.12E+09 6730 30.59| 6.47E+05 3365 15.30| 1.62E+05| 346540
100 130.0 2069.2 268998 272.7 220.0] 9.86E+08 6456 2579.7 149052 418050 309667| 1.53E+09 7477 33.99| 7.98E+05 3739 16.99| 2.00E+05| 475252
110 143.0 2503.8 358037 272.7 220.0] 1.31E+09 7101 3121.2 198369 556406 412153| 2.04E+09 8224 37.38| 9.66E+05 4112 18.69| 2.41E+05| 632425
120 156.0 2979.7 464829 272.7 220.0] 1.70E+09 7746 3714.2 257515 722344 535070( 2.65E+09 8971 40.78| 1.15E+06 4485 20.39| 2.87E+05[ 820900
130 169.0 3497.0 590989 272.7 220.0] 2.17E+09 8391 4358.6 327382 918371 680275[ 3.37E+09 9717 44.17| 1.35E+06 4859 22.08| 3.37E+05| 1043515
140 182.0 4055.7 738131 272.7 220.0] 2.71E+09 9036 5054.6 408861] 1146993 849624 4.21E+09 10464 47.56| 1.56E+06 5232 23.78| 3.91E+05[ 1303109
150 195.0 4655.7 907869 272.7 220.0] 3.33E+09 9680 5802.1 502847| 1410716 1044975| 5.17E+09 11211 50.96| 1.79E+06 5605 25.48| 4.49E+05| 1602520
160 208.0 5297.2 1101817 272.7 220.0] 4.04E+09 10325 6601.1 610231] 1712048 1268183| 6.28E+09 11957 54.35| 2.04E+06 5979 27.18| 5.10E+05[ 1944585
170 221.0 5980.0 1321589 272.7 220.0] 4.85E+09 10970 7451.5 731904] 2053493 1521106] 7.53E+09 12704 57.74| 2.30E+06 6352 28.87| 5.76E+05| 2332141
GEC tower design A-5




Manufacturer

Nordex
Zond
Vestas - BS
Vestas -BS
Zond
Nordex
Nordex

Figure 2-4

Model Rotor Diameter Actual tower mass GEC Tower Mass
m kg kg
N80/2500 80 179300 146022
TZ-1.5 70.5 109000 127598
V66 66 145000 119119
V47 47 50700 55906
Z-750 50 58740 35687
N 54/1000 54 107000 74516
N60/1300 60 104000 80757
200000 T
! y = 15.9¢"
180000 1~ | emmmGEC TowerMass | % o
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Manufacturer

Nordex
Micon
Zond
Vestas - BS
Vestas -BS
Zond - CSW
Zond - GMP
Zond - lowa
Tacke - WS
Zond
Nordex
Nordex
Bonus
Bonus
Bonus
Bonus
Vestas

Boeing
Boeing

Figure 2-2

Model

N80/2500
NM900/52
TZ-1.5
V66
V47
Z-40 A
Z-40 FS
Z-50
TW 600-3-CWM
Z-750
N 54/1000
N60/1300
2MW
1.3MW
1MW
600kW
2MW

Mod 5B
Mod 2

Rotor Diameter
m
80
52

70.5
66
47
40
40
50
46
50
54
60
76
62
54
44
80

97.5
91.4

Nacelle Mass EWEA - The Facts (Fig 4.6.3)

kg
82700
21800
51000
56000
20400
16874
19050
22220
29600
23660
46000
49200
75000
46000
42000
22500
61000

114760
79378

kg
96026
34149
70897
60517
26792
18194
18194
31081
25444
31081
37387
48143
84904
52085
37387
22870
96026

154378
132204

120,000
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©
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manufacturer model

Micon NM900/52
Zond TZ-1.5
Vestas - BS V66
Vestas -BS V47
Zond - CSW Z-40 A
Zond - GMP Z-40 FS
Tacke - WS TW 600-3-CWM
Zond Z-750

Hub Mass Graph

rotor diameter
m
52
70.5
66
47
40
40
46
50

hub mass
kg
11800
15500
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2850
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4392
3400
4989
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manufacturer model rotor diameter rotor mass
m kg

Nordex N80/2500 80 48300
Micon NM900/52 52 19960
Zond TZ-1.5 70.5 32300
Vestas - BS V66 66 21800
Vestas -BS V47 47 7200
Zond - CSW Z-40 A 40 8895
Zond - GMP Z-40 FS 40 9222
Zond - lowa Z-50 50 12250
Zond - NE Z-50 50 12250
Tacke - WS TW 600-3-CWM 46 9100

Rotor Mass Graph

Mass (kg)

Rotor Mass Comparison
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Figure 2-1

All Data for TSRpesign = 7, Cmax = 8% R, no parasitic weight

Rating
(MW)
0.75
1.50
2.00
2.30
3.00
4.00
5.00

Commercial Blade Data:

L

(m)
21.0
215
221
22.3
23.3
23.8
241
241
26.1
31.4
33.3
33.8
34.0
37.3
38.8

R

(m)
23.3
32.9
38.0
40.8
46.6
53.8
60.2

R

(m)
221
22.6
23.3
235
245
25.0
254
254
275
33.0
35.0
35.6
35.8
39.3
40.8

L

(m)
221
31.3
36.1
38.8
443
51.1
57.2

Rating
(Mw)
675
708
748
763
831
864
889
889
1043
1505
1692
1749
1770
2130
2305

EWEA EWEA
The Facts The Facts
t/c = 27 % at max. chord t/c = 33 % at max. chord Fig4.52 Fig4.5.2
W (kg) W (10°kg) Grav/Trq Cap.Fac. W (kg) W (10°kg) W (kg) W (10%g)
1851 1.85 0.87 1.76 1725 1.73 2443 2.44
5017 5.02 1.18 1.39 4651 4.65 6052 6.05
7597 7.60 1.34 1.26 7029 7.03 8842 8.84
9284 9.28 143 1.20 8580 8.58 10660 10.66
13629 13.63 1.61 1.08 12571 12.57 15120 15.12
20685 20.69 1.83 0.97 19057 19.06 22063 22.06
28626 28.63 2.02 0.89 26334 26.33 29652 29.65
w w Blade /
(kg) (10°kg)  Turbine
2100 2.10 LM
2650 2.65 LM
1600 1.60 LM
1450 1.45 Va7 30 : : )
2800 2.80 LM [ A Commercial Blade Data :
3540 3.54 Z-50 I | )
2400 240 LM 25 | | tlc =27% at max.chord |- - - - - - - — N
2600 2.60 LM EWEA -The Facts Figure
4000 4.00 LM S 2014 452 N SS
3850 3.85 V66 x - - - - t/c =33% at max. chord
5600 5.60 TZ-1.6 ‘© ‘
7800 7.80 LM ?"_; 15 &
5600 5.60 LM = L 9E+00
6035 6.04 LM 2 g y = 21E-04¢
8500 8.50 LM = 1071 |
1 |
5T A |
L | |
n 1 1 1
20 30 40 50 60
Rotor Radius (m)
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Appendix B
Scenario Summary



Costs per kW Table

Summary

750 1500 2500 3500 5000
Rotor Diameter (m) 50 66 85 100 120
Calculated Power (kW) 864 1505 2497 3456 4976
Scenario 1: Baseline - all Low $48.73 $59.06 $550.70 $717.75 $785.22
components pre-assembled to
maximum extent possible. Middle $64.58 $77.38 $601.97 $776.42 $969.63
High $109.90 $151.91 $679.35 $936.06 $1,035.05
Scenario 2: Scenario 1 except |Low $48.73 $70.00 $84.79 $124.66 $167.93
rotors assembled in air and
2.5+ MW turbine towers Middle $64.58 $89.48 $106.73 $148.61 $319.21
require field assembly
(BOLTED). High $109.90 $165.57 $186.95 $311.87 $388.57
Scenario 2: Scenario 1 except |Low $48.73 $79.71 $102.27 $167.91 $244.04
rotors assembled in air and
2.5+ MW turbine towers Middle $64.58 $100.34 $126.16 $196.67 $403.77
require field assembly
(MANUAL WELDING). High $109.90 $178.15 $209.29 $367.13 $485.81
Scenario 2: Scenario 1 except |Low $48.73 $75.37 $94.21 $146.97 $207.77
rotors assembled in air and
2.5+ MW turbine towers Middle $64.58 $95.52 $117.20 $173.40 $363.48
require field assembly (SEMI-
AUTOMATED WELDING). High $109.90 $172.61 $198.98 $340.37 $439.47
Scenario 3: Gearbox and Low $48.73 $70.00 $88.67 $130.33 $169.31
generator installed in nacelle
atop tower. Rotors assembled |Middle $64.58 $89.48 $111.31 $156.56 $318.76
in air. 2.5+ MW turbine towers
require field assembly. High $109.90 $165.57 $190.38 $317.10 $390.45

Notes:

1) Costs presented on this page correspond to combined Transportation, Assembly, and Crane costs.

2) See pages B-2 to B-4 for corresponding summaries.




Costs per kW Table

Transportation

750 1500 2500 3500 5000

Rotor Diameter (m) 50 66 85 100 120

Calculated Power (kW) 864 1505 2497 3456 4976
Scenario 1: Baseline - all U.S. Sourced - Short $26.25 $35.91 $528.08 $691.42 $754.83
components pre-assembled to [Haul
maximum extent possible. [1] |U.S. Sourced - Long $32.71 $43.99 $567.92 $737.94 $923.68

Haul

European Sourced $76.68 $117.08 $643.52 $895.71 $985.19
Scenario 2: Scenario 1 except |U.S. Sourced - Short $26.25 $35.91 $44.55 $75.91 $113.21
rotors assembled in air and Haul
2.5+ MW turbine towers U.S. Sourced - Long $32.71 $43.99 $53.02 $85.16 $246.13
require field assembly Haul
(BOLTED). [2] European Sourced $76.68 $117.08 $128.62 $242.92 $307.65
Scenario 2: Scenario 1 except |U.S. Sourced - Short $26.25 $35.91 $44.55 $75.91 $113.21
rotors assembled in air and Haul
2.5+ MW turbine towers U.S. Sourced - Long $32.71 $43.99 $53.02 $85.16 $246.13
require field assembly Haul
(MANUAL WELDING). [2] European Sourced $76.68 $117.08 $128.62 $242.92 $307.65
Scenario 2: Scenario 1 except |U.S. Sourced - Short $26.25 $35.91 $44.55 $75.91 $113.21
rotors assembled in air and Haul
2.5+ MW turbine towers U.S. Sourced - Long $32.71 $43.99 $53.02 $85.16 $246.13
require field assembly (SEMI- |Haul
AUTOMATED WELDING). [2] [European Sourced $76.68 $117.08 $128.62 $242.92 $307.65
Scenario 3: Gearbox and U.S. Sourced - Short $26.25 $35.91 $45.76 $78.28 $111.38
generator installed in nacelle  [Haul
atop tower. Rotors assembled [U.S. Sourced - Long $32.71 $43.99 $54.78 $89.79 $242.44
in air. 2.5+ MW turbine towers |Haul
require field assembly. [3] European Sourced $76.68 $117.08 $129.34 $244.77 $306.20
Notes:
[1] See cost component summaries on pages C-1 and C-2.
[2] See cost component summaries on pages C-3 and C-4.
[3] See cost component summaries on pages C-5 and C-6.
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Costs per kW Table

750 1500 2500 3500 5000

Rotor Diameter (m) 50 66 85 100 120
Calculated Power (kW) 864 1505 2497 3456 4976

Scenario 1: Baseline - all Minimum $15.11 $10.86 $11.35 $9.68 $11.85

components pre-assembled to |(See Appendix I-2)